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ABSTRACT 

The physical, chemical, and ultimate mechanical properties of high 
performance glass fiber-reinforced composites are dependent on the degree 
of cure and structure of epoxy matrices.  Therefore, a knowledge of the 
curing process and composition of epoxy matrices is essential for relating 
the properties of composites to the extent of the reaction and optimizing 
the performance.  Several methods have been developed to characterize and 
control the curing of epoxy matrices.  These methods include spectroscopy, 
differential scanning calorimetry, dielectric analysis, and dynamical 
mechanical tests.  These methods can be used to characterize the curing 
process during or after the fabrication of the cured epoxy matrices to 
justify reproducibility, reliability, and durability.  In general, a com- 
bination of these methods are powerful techniques to analyze and control 
the quality of epoxy matrices in fiber-reinforced composites.  The sensi- 
tivity, advantages, and selectivity of these techniques will be reviewed 
and discussed in this report. 
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PREFACE 

This project was accomplished as part of the U.S. Army Aviation 

Research and Development Command Manufacturing Technology program.  The 

primary objective of this program is to develop, on a timely basis, 

manufacturing processes, techniques, and equipment for use in production 

of Army material.  Comments are solicited on the potential utilization of 

the information contained herein as applied to present and/or future 

production programs.  Such comments should be sent to:  U.S. Army Aviation 

Research and Development Command, ATTN:  DRDAV-EGX, A300 Goodfellow Blvd., 

St. Louis, MO 63120. 

This work described in this report was accomplished under a contract 

monitored by the Army Materials and Mechanics Research Center. Technical 

monitor for this contract was Dr. R.J. Shuford. 



1.0  INTRODUCTION 

prop«rti«« of hxflh p.rformanc. gia„ fib,r 
reinforc»d-compo»ites arc dependent on the degree of 
core and structure of epoxy matrices. Therifor.. I 
knowledge of curing process and composition of «oxI 
metroes is essential for relating the properties of 
composite, to the extent of the reaction and optimizing 
the performance. Several methods have been develop.! 
to  characterize  and  control  the  curing  of   opoxu 

Jtffirlnti , Th*" m,th0dS includ' •P»ctroscSp«W 

Inn ^ »canninfl calorimetry. dielectric analysis, 
end dynamical mechanical tests. These methods tin be 
used to characterize the curing process during or after 
the fabrication of the cured epoxy matrices to justify 
reproducibility. reliability. an3 durability In 
general. a combination of these methods are powerful 
techniques to analyze and control the quality of epoxy 
matrices in fiber-reinforced composites. The 
sensitivity. advantages. and selectivity of these 
techniques will be reviewed and discussed in th" 
pep er. 



2.0  THE ROLE DF EPDXY MATRICES: 

There are three major types of epoxy resins of 
commercial significance:(a) epichlorohydrin-bisphenol A 
(conventional), (b)epoxy novolak, and (c) epoxidized 
polyolefin resins(l). The most commonly used curing 
agents are anhydrides and amines. Miscellaneous 
modifxcations of cpoxy systems are used to meet the 
specific performance requirements. In order to 
optimize the performance. several factors must be 
considered in choosing the epoxy resin for suitable 
composite matrices. These factors are based on the 
following considerations:(1) processing requirements 
(2) economic preference and (3) mechanical performance. 

Processing    requirements    involve    viscosity 
considerations<rheological  behaviors of epoxy resins). 
high or low temperature cure.  .etc.   One  of  the 
ways of decreasing the viscosity of an epoxy resin is 
to add a diluent(2). Reactive diluents are liquid 
materials which have lower viscosity than the epoxy 
resin and are assimilated into the resin network during 
cure. Nonreactive diluents comprise materials which 
don t contain epoxide groups, but which are completely 
sorbed in the cured epoxy resin network. Nonreactive 
diluents may usually be removed by solvent extraction. 

Since the inhomogeneities observed in cured epoxy 
resins by several workers appear to be related to the 
effectiveness of mixing the reactants. Tateosian and 
RoyerO) reported an improvement in impact strength by 
as much as 587. by use of dynamic mixing J. P. Bell (4) 
studied the effect of mixing on homogeneity by using an 
electrical field to induce mixing of viscous fluids of 
different conductivity, and significantly increased the 
ultimate tensile strength of epoxy resins. 

Another processing requirement is concerned with 
the temperature of cure. For advanced fiber 
composites. the difference in thermal expansion 
coefficients between the fiber and the epoxy matrices 
during the high-temperature-cure cycle creates a very 
serious problem such as visible delamination. or fiber 
microbuckling. On the other hand . the commonly used 
room   temperature   cored   epoxy   resins  have some 



disadvantages,    .och   «,   poor  mechanical     properties     and 

Moore(5)   used   a   particular  amine. 

CH2- [-OCH2 —CH(CH3 j)xNH2 

CH3-CH2-C-CH2- ^-OCH2-CH{CH3))   NH2 

CH2— (-OCH2—CH(CH^2NH2 

x-t-y-»-2»5. 3 

and pure diglycidyl ether of bisphenol A (DER 332 
EPOXY) to fabricate polyether amine-cured cpoxy 
matrices. In spite of good flexibility and toughness. 
this resin system has fairly well balenced mechanical 
properties. It can be room-temperature-cured and 
presents no problem in filament winding which requires 
a good epoxy resin of low viscosity and long working 
life. 

For economic considerations. sometime it is 
necessary to consider energy savings as well as 
increases in productivity. then a fast-curing epoxy 
system is required. Cordova chemical<6) has developed 
accelerators that provide greater than a six fold 
advantage over tertiary amines in anhydride cured 
epoxies. It should be emphasized that the properties 
obtained with a short cure (2 hours) are the same as 
those properties previously requiring 12-24 hours for 
the curing process with the conventional accelerators. 
Generally the lower the temperature. the slower the 
reaction. On the other hand. the higher the 
temperature, the greater the risk of degradation. For 
production consideration, the optimum condition is the 
shortest cure time which will still assure a resin 
matrix with the desired properties. 



A current problem with tpoxg resin systems used in 
continuous fiber reinforced composites is their 
shelf-lif.. once the resin is mixed, it must be used 
immediately or stored «t low temperatures in the form 
of 4 prepreg. Prepregs must typically be stored at -18 
c and. at this temperature, they are estimated to 
remain stable for six months. The ideal system from a 
storage point of view would be a prepreg which is 
stable at room temperature in the B-stage and which 
retaxns its tack and drape. Currently no such ideal 
system exists. However, a resin system which is cured 
with a sterically hindered amine is stable at room 
temperature in the B-stage in a glassy state. Upon 
mixing at room temperature, the primary amine hydrogens 

hl^L ;rffl Vlin"r Polymer- Th« "condary «mine 
hydrogens do not react at room temperature because they 
are much less reactive due to the steric hindrance of 
the nearby methyl groups. The epoxy resin does not 
form a three-d intentional structure until the secondary 
amme hydrogens react upon additional heating. Buckleu 
and Roylance(7) studied the  curing  kinetics  of  this 

IVllI ^l* riR Th, •h,lf lif* ** ^om temperature 
l.At !:,tl,9ed r"in •«•*•" i« predicted to be IJ 
least three months based on an extrapolation of th» 
experimental kinetic data. pox-won of   the 

mat.r?ri!
hVther hand' th* flrowin9 "»• of composite 

materials in commercial and military equipment has led 
to concern over field repair or patching of damaged 
composites. Field l.vel repair has" some untjU 
materials requirements In terms of storage and curing 
characteristics. Since the presence of ?reexer stor^J 
•pace is not guaranteed. the resin used in th. 
composite patch Would necessarily r.^irl 
room-temperature   stability.    Also.    since    curl 

Turib ^I* i*r#* V,ry limit*d' *h* re.in system must be 
curable at low temperatures and times(150oC for one 
hour) Unfortunately, commercially available prepregs 
typically  require  both  freezer  Jtorage  and  hJgh^ 

2Tiri^h*, o0;*!- Donn*11-" •"- Roylance(B) !sld 
fin^i I?" 2'5-hexane diamin. as a hardener to form a 
linear  glassy  prepolymer  at  room  temperature   The 

lilt. Ull IT ^ r"Ct t0 • P-tiaHy curldCJ^ 
11*11*   I     1       temperature and then vitrify.  Samples 
morl JuMr * twrmrth P*riod ,hou"d no •^•n" to I more fully cured state.  The isothermal curing behavior 



H»at r»»istanc» i« anothtr r»quir»m»nt of th» 
•poxy matrix. Stv«ral methods have been pursued to 
improve the Heet-Deflection-Tempereture (thermal 
mechanical properties). Lauie(9> shows cured epoxy 
resins based on Bisphenol S have a considerable 
increase in heat resistance over those based on 
Bisphenol A. The increased heat resistance results 
from the replacement of the isopropy1idene group in 
Bisphenol A with the more thermally stable sulfone 
group. The increased heat resistance results from the 
replacement of the isopropy1idene group in bisphenol A 
with the more thermally stable sulfone group. The 
increased heat resistance is indicated by the 
resistance to heat aging. resistance to heat 
deformation as well as retention of strength at 
elevated temperature. The enhanced thermal properties 
of sulfone epoxy are achieved in a different way from 
that of the epoxy novolacs which results from an 
increase in the crosslinking density. Another way of 
improving the high temperature performance is to add a 
rigid structure in the backbone of epoxy resins 
Polyimides have good high temperature performance and 
the epoxy resins possess many desirable properties of 
the aromatic polyimide if it contains the phthalimides 
moiety. Kaplan(lO) has synthesized some of these 
epoxy/imide resins. and demonstrated good thermal 
stability. Another new family of resins is based on 
the glycidylated hydantoin ring(li). Because of the 
compact, polar heterocydic structure of the hydantoin 
ring. the heat distortion temperature of these resins 
are significantly higher than comparably cured 
conventional epoxies. With aromatic rings replaced by 
heterocycles in the structure, smoke generation during 
combustion has been greatly reduced. 

The primary role of epoxy matrices is to transfer 
stress from the fiber to the finished composites 
Currently prevailing epoxy resins are designed for 
glass fiber in fabricating composites. Since graphite 
fibers have a higher modulus(5 x 107 ) than glass 
fiberd x lO^p.i). it is important to use high strength 
matrices to maximize the efficient transfer of the 
fiber strength to the composites. Moller<12) 
synthesized a series of pure epoxy resins of the 
following structural types: diepoxy bisphenols. 
glycidyl esters . diepoxy eyeloaliphatics. acyclic 
bisphenol , diepoxides and glycidyl amines, then 
correlated the mechanical properties to Bisphenol 
diepoxide structure. The glycidyl glycidate resins had 
« tensile strength of over 20000 psi;  this is  one  of 



th.  high.«t  Vftlutl  .v.r rtporttd for m   bulk polum.r 

high  modulus  graphit.  fiber  reinforced  composite. 
Another serious problem concerned with  .poxy  matrices 
in  composite  is the brittle nature of the fully c^r'd 

s"inoth of ir^^13' '" th0U'n th^ t»l. imp*" 
J«™!!I *? somatic .poxy resins can be improved by 
ncorporating a specific carboxyl terminated elastome? 

in concentrations of up to 10 parts per hundred parti 
of resins. AC. Soldatos(14) ext.nd.d this 
instigation to eye loal iphatic .poxid.!. which h^ 
many outstanding prop.rti.s. and got tough.ned epoxj 
resins without significantly degrading the heat 
distortion temperature. Liquid rubbe? can be ul.d Jo 
toughen or flexibiliz. .poxy r.sins. Th. toUhtno! 
•poxy  r.sins  show  improv.d  crack   r.sistanc.   -nH 

Z'cZ^L     ^rd^tH1^^9^  With  •  ^'^n"  ssTf mechanical  and  thermal   properties(heat   distortion 
temperature).   On  the  other  hand,  the fl.xibilii.d 
syst.m ar. those where the liquid  rubber  has  reacted 

?J! aJiM!??^ 7*in and th#g ar* »in8le Pha»« »y»tems. The flexibilired system provides  epoxy  matrices  with 
high impact strength, but always accompanied with a 
significant loss in thermal-mechanical properties The 
:,- cri*erion foir • toughened system is that it 

should contain a dispersed second phase, and this phase 
must have a particle greater than about 1000 A in 
diameter. The non-functional liquid rubber that 
contains no reactive groups to react with epoxy resins 
will have higher fracture .n.rgy and will not improv. 
the impact strength. It(15) i, generally accepted that 
thre. crit.na ar. n.c.ssary for tough.ning :(1) prop.r 
»iz. of disp.rs.d phas. <2) bonding between the 
matric.s and th. disp.rs.d rubber (3) elastic charact.r 
!h. I K

ruJb,r P^ticl.s. A. R. Si.b.rt<15) show.d that 
th. tough.st .poxy syst.m ar. thos. where th. s.cond 
phas. exists as a bimodal distribution of rubb.ry 
particl.s that contain  small  particl.s  with  1000  A 

H JTl!#r* ^ lar9* Particl»* with 1-5 ^diam.t.rs. 
M. 5am.jima(16) r.port.d a new elastomeric modified 
•poxy which gived a cured product having superior 
impact resistance. A. shown in Figure I. the thermal 
shock resistance is plotted versus the heat deflection 
temperature for polyetherester (PEE) modified epoxu 
resin,and epoxy resins blended with the flexible epoxy 

*!.  uStVl!0! that fU«ibl« •P0^ resins will  decrease 
the  HOT  but  improve the heat crack r.sistanc. valu. 
On the other hand, th. tough.n.d .poxy  r.sins  improv. 
th.  heat  crack  r.sistanc. valu. without sacrific. of 
HUT. 
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Figure 1. Heat distortion temprature vs. 
Thermal shocV. resistance value. 



3.0  CALORIMETRIC ANALYSIS 

Th« proc.ssing of cpoxg r.sins, such as 
curmg/crosslinking involv.s the exposure of these 
matene s to various levels of heat treatment. The 
physical  and mechanical performance and the quality of 

of' lull     'IK101"/^ Ur9ely det^i"»«* ^ the ex?ent 
IL     •!!'   5* fontro1 of temperature distribution, and 
MoI.«w!l   I       t"nP,rat^«  ^i"   during   processing. 
^tlrmtnl *K!mrratUr'. v-ri*tio"»  ^^"fl  cure, which 

depend  to  a  large extent not only on the heat of the 

lltlutri * 'i*^0" th9 »P,cific h"t and the thermal 
conductivity of the material at different stages of the 
cure cycle. These parameters can be characterized by 
DSC . and are essential for optimiring product quality 
and processing condition considering the heat transfer 

Differential Scanning Calorimetry, measures the 
difference in the rates of hea? absorption or 
evolution. by a sample with respect to an inert 
rltr'"^ 'IK 

th* ^P'^ture is raised at a constant 
IT • ?IL tht 0ther h*nd ' Differential Thermal 
csuliyi0^. m;"Ur" the -inferential temperlt^ 
caused by heat changes in the sample. DSC can be used 
to characterize the curing reaction of epoxy resins in 
the presence of fillers or without it. The basic 
assumption made is that the heat of reaction is 
proportional to the extent of the reaction. Moreover. 

i» also assumed that the specific heat of the 
material either stays constant or varies linearly uiith 
scanning temperature during a scan while both the 
temperature and degree of cure change simultaneously 
These assumptions is valid for simple reaction, but not 

llAltVnl     ^ ^J  f0r  ^   comP^ated   crosslinking reactions  which  occur  in  the  cure  of epoxy resin 
There are three ways(17) of  measuring  the  extent  of 
curing  in  epoxy  resin.   This can be achieved by (1) 
isothermal operation, <2) analysis of thermograms  with 

J^! r*^ •Cfn r*t*S (3> *cans on P*rtl« CUT,»d resins. 
For isothermal operation. because a short time is 
needed for the samples and the test cell to heat up to 
the desired temperature, the beginning portion of the 
!nr^Ihi. ! l0St therefore, isothermal scans become 
unreliable for very fast cures. This problem can be 
solved by analysis of thermograms with different scan 
rates. Figure 2 shows a series of thermograms with 
different scan rates on a temperature axis 
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An itothtrmal cor» curvt c«n bt drawn using  these 
curves^   An ordinat. at T is drawn in aach thermogram. 
The  state  of  the  resin  is   described   bg   three 
lli/IJ!*"!. w  *«'"P"«t^e(T).   heat  generation  rate 
<dH/dt) and heat of reaction(H).  H  is  given  by  the 
shaded  area, and the total heat of reaction H.is given 
by the area enclosed by the complete curve.  The  eight 
states  shown  in  Figure  2(a)  are plotted in reduced 
forms as shown in Figure 2(b).   The  integral  of  the 
curve  from zero to H/HQ. is equal to the time to reach 
degree of cure H/H0at temperature T0.   Therefore.  the 
isothermal   cure   curve   of  H/H0 versus  t  can  be 
constructed.  This  process  can  be  repeated  at  any 
temperature  but at temperatures lower than T0in Figure 
2<a) since the final part of the  cure  curve  will  be 
missing.   Thus,  at  low  temperature  the  isothermal 
method gives reliable results  while  the  scan  method 
91T*»  ln*Uffici,nt  d*t« from     which  to  construct a 
reliable curve.  On the other hand, for  fast  cure  or 
when   the   curing   temperature   is  too  high,  the 
thermograms with different scan  rates  must  be  used 
The  third  method is to scan only partly cured resins 
Each partly cured sample is scanned and the area of the 
thermogram  gives  the  residual heat of reaction(H -H) 
from which H could be  derived.   This  method  becomes 
useful when the rate of heat evolution is too small for 
isothermal detection. 

On the other hand, characterization of the 
kinetics of epoxy resin curing reactions is not only 
essential for a better understanding of 
structure-property relationships but also required for 
determining the time-temperature dependence of the 
degree of cure. DSC has been used by several workers 
both to monitor the state of cure and to determine the 
kinetic parameters of cure of epoxy resins both in 
isothermal and dynamic modes. There are two 
interrelated methods for analyzing DSC curves of 
crosslinking reaction of epoxy resins. The first 
method utilizes a single DSC thermogram to evaluate the 
kinetic parameters, such as activation energy{E), 
kinetic order of reaction(n), and the total heat of 
reaction(H0), by detailed differential-integral 
analysis of the DSC thermogram. The second method uses 
the multiple DSC scan, obtained at various rates of 
heating. 

10 



S-ni.l'<62r  Th^.    /* culation  of  Borchardt and u«nieis<62).  The genaral kinetic aquation uhirh <•  «* 
Arrhtmus type is oiv»n hu 4-h. ««i ,        wntcn is  of vf» »» flivan by tha following expression- 

n 

thi 

dK/dt=k(l-i) 

where dx/dt is the rate  of  reaction,  k  i« 
reaction rate constant. , is the extent of cure. 

Since k«A exp(-E/RT) 

we can rewrite the equation as follows: 

dx/dt«A expC-E/RTXI-x)" 

Ar*iJlh*tT* A iS th* fr«^«nc« factor. E is the 
ih!iT J10? •n*r9g' R *• th9 ••« constant, and T is th* 
absolute temperature. From the assumption thaJ th* 
heat evolved is proportional to the extent of reaction 

x« H/Hoand 

dx/dt«d(H )/H0dt 

where H is the  partial  heat  of  reaction  which 
varxes xn direct proportion to the fraction reacted  x 

the tSt:/'6 ^^ heat 0f ^^on  whicJ is "qul ' to the total area under the curve. 

Combining the above equations gives: 

dH/dt«A(H0)exp(-E/RT)(l-H/H0)
n 

rateA^r'so^aT III   'T^     "^     0r  »"" 
written as th*  •b0V*  •*««*ion  can be 

dH/dt«A(H0/Q)exp(-E/RT)(l-H/Ho>
n 

This equation shows the change of degree  of  cur. 
with  temperature.  These calculations wJ?e"xt^nde5 h! 

ri™and T;:lbl•-63, to *,tudy of t^ -ri^ ^: 0 
cl!culaf   IHI\-   d!riVed        the     ♦^l«»«i«a     equation     to 
iVulilV ^   p*r*m*t—     oi     th.     system     they 

h /-T J    [«   (I-.)H0VJ 

11 



<JH/dt it the ordin«te sc«lt of « DSC curve, and it 
is  converted  through  the .c*n rate Q-dT/dt ^ tAoll 

lul** P   .     the  curv,'  S'  •*  temperature  T 
Furt ermore, from the definition of ,- H/H0,  the  term 

i und^ lK0mncr#qUal Ho"H which *» the remaining area, 
t; the IbL^ "T By m-kinfl th"e tubstiJutions 
obtained.       'quatxons,  the  following  equation i. 

2        2 
<S/h)T -E/R -nT (h/A) 

h.inh?ftr  •V*lu*tinfl   th*  values     of     .lope,      S,      curve 
i   J   ot'of'(?/h^2maininfl

Tr
ea  A mt  "Ti0"*   temperature a   plot   of   (S/h)T^versus   T2(h/A)   will   be   a   straioht   lin- 

Jho.e .lope defines the order of reason, n^ l/^e 

&<lA]iln  •n,rflg'   E'    iS   0bt*ined   from  the   intercipt   at 

The   second     method     which     utilizes     multiple     DSC 
curves     obtained     at     various     .can     rates,      i«     du.   *« 
Ki»sing.r(64>. The method assumes t^t"ihe'r.^ion 
rate     i»  a  maximum at   the  peak   temperature,   T.   of  a  DSC 

at^he Tah: J0^*4^ T iH/,iT •ttain5 "* ""k*™ value 
?^nm     !K   P t*'T'P»rature     and   the   slope   S^d^H/(d^-.Q 
lit** ^^"T9 "^Ptions stated above, Kissinger obtained   the   following   equation linger 

d (1na/T 2) E 
d  in  a £ 

T ,. „ ; •    -   —      or tltenutely. 
d ,1./T ' " ^ -d/T)    " " T * 2T 

where 0 is the .can rate and T is the peak 
temperature of the DSC curve. A plot of In Q vefsus 
1/T from several DSC curves should be  linear  and  the 

i. datarmJL; J  d **  n0ted that tht '^ivation  energy 
nrd^ !*     .by U'ln9 the •b0v* •^•tion regardless I* 
tltlLt     I*"*10"  WhiCh *• •»»"••«« to remain  constant throughout the reaction. 

_*.. I*  **  obvious  that  the  kinetic   order(n) 
activation  .nerg«<E), and heat of reaction of a curini 

cJn^nt*" a11 ^ ;efin,d U,in8 * •i"»l« DSC cu^ It i constant  .can  rate by u.ing the above equations   The 

the   effect,  of  scan  rate  on  the  cure  kinetic. 
Therefore, m    combined  analy.i.   u.ing   th«e   t^o 
interrelated  method,  provide,  a  more" compr'e^en.We 

::Vt::iion of th' e-^» ^^ ^ .poxy r..ln 
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c..^. ^"••rch on tht cur. kin.tic* of .poxu r.sin 
syst.m w.s without fill.r,(18-25). V.ru llJtl. 
information has b..n r.port.d on .pox! tu.t.m! 
contaln1ng fib.rs by DSC. PappalardoC^) Js.d Sic to 

cllltTnll III aCtivation •""»« ^d r.action rat. 
^1!^ !! *!?r "*• •P0»«-fll-" fib.r composit.s Th. 
• ff.ct of fillar on th. curinj, b.havior wi, found to 
d.p.nd on th. sp.cific fill.r and potym.r ^Jtam 
Dutta and R«an(27> u..d DSC to inv..tiflat. "JU llflct 

kin.tic* of a oiod.l ,Poxu r.iin i-ur.H 
.toichiom.tricallV with an aromat c dllm n. Thlt 
found that th. fill.r do.s not siflnificantlu aJf.ct tJ! 
ord.r of th. r.action but do.s Influ.ne"ShJrlietUn 
rata   It app.ars that th. carbon black fili.rs  aff.ct 

factor, wh.r.as th. surfac.-tr.at.d silicas Inffu.ncJ 
th.  kin.tic  rat.  constants  through  th.  activation 

":;?' iif.H s:ith<28) u"d DSC to •-1-'' c^r^d 
llll     A of .poxy pr.pr.gs. and corr.lat. th. total 
h.at of r.action to r.sin flow to pr.dict th. 
proc.ssing charact.ristics. preoicx   th. 

Th. most  s.rious  prcbl.m(29)  with  DSC  is  th. 
r.juir.m.nt  of an accurat. knowl.dge of the bas. line 

Ind fnt, 5 T! alU'8y5 taken at ^cations preceding 
and following the exotherm. However, the base lines 
should take into account the change in heat caplcij  " 

Lhn.^      H^^"  comP^»d  to  starting  material" 
Schneider  and  Cillham(29)  have  studi.d  th.  ciring 
b.haviors  of  two  dicy-containing  .poxy  r.sins   AJ 
shown xn Figur. 3, th. DSC scan of  .poxyy r«in" that 
consist  of  DOEBA(digl«Cidyl-.th.r  of  biiphinol A) 

r.pr.s.nts th. scan of th. cur.d r.sin. is low.r than 
In TAIV ^V:.^ *?• 't-rting point, than un^rgo^ 
«n  upward  .ndoth.rmal  shift  at th. glass transition 

th. high.r t.mp.ratur.. Th.r.for.. it is impossibl. to 
t« ^tMi; •CCUr*it '"trapolation from th. EC" clrv! 
to get th. corr.ct baseline.   If th. bas. line i« lllll 

:ndthJo?r9,nt 'V'9 DSC curv' •* • J"-t"n%i:ci;:; 
U 71 ?i Ja 'on*!! "V*9™' then th. h.at o/r.action 
il Ll* *' ? tht 0th,r h#nd' if th. .xtrapolation 
i»  don.  as shown, by th. portion of th. curv. b.tw«n 
th. arrows, th. value obtain.d is 91 cal/g. which is 
vary close to th. result obtain.d by isoth.rmal curing 
runs at high.r t.mp.ratur.. It is obvious that th. 
r.suits ar. quit, differ.nt with diff.r.nt bas.lin.s 
Sine, it is impossibl. to g.t a corr.ct bas.lin.. only 
an  approximation  of  the  h.at  of  r.action  can  b. 
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Igure 3. DSC scan of resin 1 showing cure curve and various 
baselines. Full curves, scan of cured and unrured resin dotted 
curve, scan with empty sample cells, chain curve lawrnt to 
cure peak Arrows indicate ext,a,>olation of cure curve to 
baseline represented by scan of cured resin. 
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obtained from the .c.nning runs.  m other c«es  where 

«Dove 260 C antes from simple degradation It i* 
obvaou. that any determination based "on th° tangent 
base  l.nes  rather  than from the baseline product by 

problem of estimating the conversion is even more 
complicated in this case.  It involves  the  r^lu^n 

tctll LiriVli0"^™/71* r,Sults •nd calculated the 
JcIwJ^!     reaction from the lower limit, and got 20 

Ji!?!!!   U I46"*?"  ■  V*lue  of  26  "cal/mole,  it 
implies   that   the   area  from  the  DSC  curve  for 
calculating the percent conversion could  lea5  to  the 
result  that is 30 percent too lo«   On the"ther hanJ 
the devi.tnon of the DSC results is about IX. 

Compared with DSC. DTAOO) is seldom used in the 
study of epoxy resins. It was shown that there is a 

t^f.J!rr!1*tl0n l,etw"n  the  9»l-tion  time  anj  Jhe 

^ufJIri^nlT ?TA m'thod Mrmltttd a rapid and 
sufficiently accurate estimate of gelation time of 
•poxy resin in a broad temperature range. 

Isothermal DSC provides the heat output as a 

riAtill 0Vim" r^*»»^«« Erectly the rat. oJtht 
I!JhnJ  „• Hott"v'r' th« information  provided  by  this 

mech^i.rnSth
U5 littl* in,i9ht int0 th« cJemicil mechanism of the curing process and  the  chemistry  of 

cure. 
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Figure   4 .   DSC scam of resin II (sec tcxli. Ilceithip rule oT/mii, 
320 to 600°K. atlen. 10 mralh, sample wl 13.1 mg 
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4.0  DYNAMICAL  MECHANICAL  TESTS 

.«?«!  *  !!ft lmPortant  '•ctor. .ff.cting  the ■tsxng  of  the  .poxy  rt«in«  is  gelation 
gelation begins, the  viscosity  of  the  system 
processing of the epoxy resins is gelation When 
gelation begins, the viscosity of the sy.Jem' ri.« 
exponentially  .„d  h„ M     remarkable  efJJJt  on  Jh" 
processing such as injection molding  or  auto-claving 
A typical method for determining time to gelation Hbu 
a  standard  ASTMOl)   test.  "which   is   b«?d   on 

Ji;*^;:*;*;: ^""i^- A thematic rtPr...nj;u;„ fj; 

!h.r-r*! y:!ta?e viscosity measurements Snlu 
ch.racterne the liquid state. Characterization of thj 
rubbery and glassy states can be made with dynamic 
mechanical techniques. «wn«mic 

Torsional Braid Analysis(TBA). m dynamical 
mechanical techniqueOO). involving an adaptit^n oJ 
the torsional pendulum with a freehanging compo^i?. 
specimen  consists of a multifil.m.nted glAs   bra5d InJ 
til rhU SUSt*m •With thiS t'^nique. 2e can m*U™. 
the change in rigidity and damping in the reactino 
system throughout the cure. and' sJudy ^an^ti^ 
during cure, cure kinetics, and activation energj 

u.i^   T;j Ph«»lcal transitions  are  usually  observable 
with  TBA  e.  cure  proceeds isothermal ly'  The f^.t 
gelation, corresponds to a transition  from  linear  or 

t'ri !ceti^CUlr t0 ^ infinit* netWOrk- T^ s^ond" Tullttn     I corresponds  to  a  transition  from  a 

IccomoJni!d t ^"^ •***• EaCh 0f th*" P^nomenl it 
tn mecilni^l*"/"""" ^ riflidit« •"«• «>y a maximum 
*.«*s    ! I0*1  d*mPinfl-   There  exist  two  critical 

glass  transition  temperature)  and  T(gg)  (the class 

iTci1nh0;mt'mP,r:tUrVt iU   fl'1 POint,   A» shtwn  by 
)!  SUK I!  *   ly »fUt4on *» observed, if T<cure»T<L 
T(0     ?% T?   t^/nd vitrif^-tion  are  observed.  if~ 
li T? url ^^  9

?K-  ?niy v*^^ic«*io« i» observed. if  T<cure)<T(gg).  This information is related  to  th# 

cur'e ^r^1 Ch#nfl" .WhiCh 0CCUr —ing tl: co^l.U 
pr^ce^ino   ^^ IV™  "l*     V     0"ful in     ""M>osite 
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DEGREE OF POLYMERIZATION 

Figure   5. Class transition temperjtur* vs. dejirw ..f polynwriuluin for a lherm(.<.fltiiit syslem 

>nin I 
lutnirmjl Curt lofc 

THW IUji0 l SKII 

Figure   6.    '       Relative tipidity and damping cunes vs time for the 
reaction of ntiu I at MOT 

18 



A 
on  tht 
Quite » 
of  fib 
the pre 
fiber, 
gelatio 
tempera 
all of 
of  epo 
also be 
only  d 
mechani 
spite 
be  con 
act!vat 
over a 
the  f i 
nor doe 

number of itudietOB-SA, 29) have  been  reported 
curing behavior of epoxg resin* employing TBA. 

few of the studies are concerned with mixture 
er and epoxy. J.K. Ci1lham(35) used TBA to study 
preg material consisting of epoxy resin on glass 
carbon fiber, or aramid fiber, and measured 

n and vitrification times as a function of 
ture. The study has shown that substantially 
the information concerning the curing behavior 
xy  resins,  which has been obtained by TBA, can 
obtained on the prepreg material directly. The 
ifference is a marked weakening of the gelation 
cal damping peak in the prepreg material. In 
of its weak intensity, the gel points still can 
structed very accurately to determine the 
ion energy by plotting an Arrhenius equation 
wide range of temperature. It is obvious that 
Her does not affect the behavior significantly 
s it interfere with the results under study. 

In addition to torsional braid analysis, there are 
other similar techniques. W.J.Mac knight(36) used 
dynamic spring analysis to study the curing behavior of 
two commercially formulated epoxy resins. It is 
demonstrated that this supported viscoelastic technique 
is suitable for the determination of the onset of 
gelation but the method is not useful for studying 
later stages of reaction when the resins become more 
rigid. I. J. Coldfarb(37) studied the curing behavior 
with torsion impregnated cloth analysis. This method 
used glass cloth as a resin support, monitoring the 
dynamic mechanical properties of resins during the 
curing process. In spite of the similarity between TBA 
and this technique there are some differences between 
these two techniques. Torsional Impregnated Cloth 
Analysis (TICA) has some advantages over TBA. Its 
frequency of measurement is constant, and the frequency 
can also be varied to study the frequency effect on 
transition. In TBA, the resin impregnated braid is set 
in free oscillatory motion and its damping decay 
characteristic is recorded. The frequency of 
oscillation can be related to the storage modulus(C/) 
of the resin while the log of the amplitude decrement 
is proportional to the tan e (where © is phase angle 
between stress and strain). On the other hand, in the 
TICA experiment the cloth undergoes an oscillatory 
strain at a fixed frequency, and the resultant torque 
is  analyzed  by  a frequency response analyser to give 
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!«!?** ! »n-pha«e and out-of-ph... component 
amplitudt* Th. r,»ult» obtain.d from TICA ar, not 
•b»olut, v.lut., and hav, the advantag, ovtr the TBA in 
that the frtqutney of measurement i« constant The 
frequency can be varied to study the frequency effect 
on  the  transitions.  Another advantage is that in TBA 

int.rLJ ^oTag b* influ«""d b« »ubstrate-resin 
inter«ctions(38) . while in TICA the in-phase and 
out-of-phase components are measured directly,  so  the 

lllli* m!?ulu4 transition can be identified more 
confidently. 

Tung and Dynes<39) used a visco-elastic tester to 
perform the dynamical test. Since a disadvantage of 
«.ll*!ill ? dynamical mechanical approach is that 
gelation is not clearly observed. they described a 
method for determining the gel time of epoxy resins 
from dynamic viscoelastic data, which is based on the 
crossover of the dynamic storage C^and loss C* moduli 
measured during isothermal curing. As shown in Figure 
7, the dynamic mechanical properties of the 171° C 
isothermal cure of a dicycross1 inked epoxy resin. The 
two modulus curves intersect, i.e.. rf'-Q> lT   tan e  -1) 

r.Jr *f miTV , Xt W*f f0und' h0ta'«v«^' that the time to 
L!!K  !l! mo?ufus "ossover point(tan ©  -1 )  coincides 
with  the gel time as measured by the standard gel time 
«•»«.  Further examples of this correlation  are  shown 

i*ru^JU.rtH ? *"     ?  gritty  of crosslinking systems 
varying widely in gel time.  This correlation  suggests 
a loss tangent(tan 6 ) of unity at the gel point.  Loss 
tangent, being the  ratio  of  energy  lost  to  energy 
stored in a cyclic deformation (tan 8 -G*/ d),   measures 
the relative contribution of elasticity  and  viscositg 
of  an  epoxy system.  Tan « of a viscous liquid should 
therefore be greater than 1. while that of  an  elastic 
solid shou d be less than 1.  When the cure temperature 
is above T(gg) .resin system  proceed  from  a  viscous 
liquid  through gelation to elastic solid.  Under these 
conditions, tan *  of  gelation.  the  transition  state 
between  viscous  liquid  and  elastic  solid, would be 
expected to be equal to 1.  As demonstrated by Tung and 
Dynes.   this  method  is  more  precise  and  free  of 
operation error than the  conventional  method  in  the 
determination of gel times of epoxy resin. 

Another application of dynamic mechanical test is 
the characterization of cured composites. The useful 
information can be obtained is the glass transition 
temperature. As demonstrated by Katharine E. 
Reed<40),the most interesting observation was the 
appearance of an additional damping peak above the 
glass  transition  temperature  of  the  matrix  resin. 
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Figure   7 .        Dynamic viscoelastic characterization of the 171°C isothermal curing of a DICY cured 
rpoxy resin at 10 rad/s and 10% strain. 
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Figure   8.     (Wtafi,*, of RCI time .-md time of m.Hjulus cr.«s„vcT of thrrmoseUinu resins.    (A) 
 i — 1VI  C; (B)—(r ' 

silicones. T^,, = 25,,C. 

•— v      ^« * -    -.-    p, —.    .....i.    .■IIVJ     Lint 

brom.natcd epoxy. 7^ = 171'C; (B)-(F) epoxy. 'rt.ur. = 171 "C; (G) ATS. rcu„ = iKo-C; (H)-(.ii 
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? ",«Jh* fib,r "^•ction was ch.ngtd from 
tr.nSv.r,,(90

0) to lonflitudinaKO* ), th. tJansitlon 
r.gion broad.ntd and the change in fraquancy ovar this 
tamparaturt rang, aihibitad a maximum at interm.diata 
«ngits This phanomanon is associatad with tha onioua 
rtsm layar in tha intarfaca which has baan astimatad 
to comprisa roughly 0.1 X of tha total rasin in tha 
composite, assuming thickness on tha ordar of 100 
Angstroms Tha structure of this intarfacial region is 
different from that farther away. 

Dynamic mechanical tests can  be  used  to  detect 
gelation   and  vitrification  that  are  the  the  key 
parameters which describe the curing behavior They 
•re useful in prepreg technology end composite 
processing. However, dynamical mechanical tests can 
not provide the necessary information about the curing 
chemistry and curing mechanism 

5.0  SPECTROSCOPY 

5.1 Introduction; 

Introduction: Infrared spectroscopy has long been 
mnii"!-*! * Pow.rful tool for monitoring the'eurtng 
process and to characterize the cured epoxy composites 
infrii.H a! 0n th* mb%0T**i™ ** radiation in the 
infrared frequency range due to the molecular 
vibrations of the functional groups contained In the 
polymer chain. Prior to FT-IR, infrared spectriscopj 
o;i.«rri,d 0UVin» « *i»P.rsive instrument utilizing 
prisms  or  gratings  to  geometrically  disperse   the 
SillllV*  rVdi\tion   ^^9  • .canning machan^m. ill 

isolate  the  frequency  range falling on the detector 
In this manner.  the  spectrum.  that  is.  the  energu 

«n«?*?  !   K hlt lnfr*r«d •"•*h^ i« highly limited in 
J^n- in ' b'C#U" "0,t 0f th* bailable energy is being thrown away. i.e.. does  not  fall  on  the  open 
!ii!* ,, ?r >>olWm,r •nalysis. where the bands are 
JlrJIci irfr0#d ^ U"ak' thi* •n,r" Imitation il 
IVill* I* "V!r* H,nC" to imP^ve the sensitivity 
Jlio^ ;r'd »P#ctr°»coPy' "IR Was developed. whicX 
lllol   Hi  J:::1"'110" 0f •11 0f th* *—^'ted energy 
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5.2 

Fouri.r Transform Infrar.d Sp»ctro»copy—d.fcription of 
tnc th od 

Fourier Transform Spectroscopy uses th«  Michalson 
mterfarometer  rathtr  than  the  convantional grating 
instruments.   The  Michelson  interferometer  has  two 
mutually   perpendicular   arms.    One   arms  of  the 
interferometer contains  a  stationary,  plane  mirror; 
the other arm contains a movable mirror.  Bisecting the 
two arms is a beamsplitter which splits the source beam 
into  two  equal  beams.   These two light beams travel 
down their respective arms of  the  interferometer  and 
are  reflected  back to the beam splitter and on to the 
detector.   The  two  reunited  beams  will   interfere 
constructively   or  destructively,  depending  on  the 
relationship between their path differenced)  and  the 
wavelengths  of light.  When the movable mirror and the 
stationary mirror are positioned the same distance from 
the  beam  splitter  in  their  respective  arms of the 
interferometer,  the  paths  of  the  light  beams  are 
identical.   Under  these conditions all wavelengths of 
the  radiation  striking  the   beam   splitter   after 
reflection  add coherently to produce a maximum flux at 
the detector and generate what is known as  the  center 
burst.   As  the  movable mirror is displaced from this 
point.  the  path   length   in   that   arm   of   the 
interferometer  is  changed.   This  difference in path 
length causes each wavelength of  source  radiation  to 
destructively   interfere   with  itself  at  the  beam 
splitter.  The resulting flux at the detector, which is 
the  sum  of  the  fluxes  for  each  of the individual 
wavelengths.    rapidly    decreases    with     mirror 
displacement.   By  sampling  the flux at the detector, 
one obtains  an  interferogram.   For  a  monochromatic 
source  of  frequency  v, the interferogram is given by 
the expression : v 

I(x)«2R(v)T(v)I<v) (l-j-cos 2«vx) 

where R(v) is the reflectance of the beam 
splitter, T(v) is the transmittance of the beam 
splitter, I(v) is the input energy at frequency v and x 
is the path difference. The interferogram consists of 
two parts, a constant(DC) component equal to 2 
R(v)T(v)I(v) and modulated (AC) component. The AC 
component is called the interferogram and is given by 

I(x)>2R(v)T(v)I(v)cos 2^vx. 

An infrared detector and AC-amplifier converts 
this flux into an electrical signal 
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v(x>«Re Kx) volt* 

whtre Re ii  the  rcspontt  of  the  detector  and 
*(Tip i i f i er. 

For highest accuracy in the digitized signal, the 
maximum intensity in an interferogram should match as 
closely as possible the maximum input voltage of the 
analog/digital converter (ADC).  The noise must also be 

Jin^h  <   ^ taUT   0r fiV* Unit*' so th* "^P^ter word length  in  FT-IR  spectrometers  is 16(or 32 in double 
precision). 20 and 24 bits.   Criffiths(41)  gives  the 
example  of  measuring  the  sp.ctrum  of  a continuous 
source whose intensity is uniform from 4000 to  400  cm-1 

and  zero outside this band.  The signal-to-noise ratio 
of the spectrum <S/N^is related to the signal-to-noise 
ratio of the interf erogram <S/NL.bu 

(S/N)_»M2:S/N) I      s * 

whtr» li is the numb»r of resolution elements So 
if we want to measure the spectrum with a (S/N) =500 at 
resolution 1 cm,<M=3600) in a single scan. Sit can 

readily be seen that <S/N)r=3 x lO^and the full dynamic 
range of a 15-bit ADC (215) is only large enough Jo 
adequately digitize the signal. If (S/N^were any 
greater than 30000 the noise  level  in  the  digitized 

^ I^r0Sram iS •** bv the l»*«t significant bit of 
the ADC rather than by detector noise. For this 
reason. minicomputer with a wordlength as large as 20 
bits are required so that a reasonable number of scans 
can be signal averaged. 

The interferogram for a polychromatic source  A<v) 
is given by 

+00   f 1 
I(I)«^Atv)| 14-cos 2(*vx)> dv 

a ivolve The methods of evaluating these integrals  in> 
determination  of the values at zero-path length and 

very long or infinite path length.  At zero difference 

r I<«)«2 A(v)dv ■f 
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«nd for larg» path diff.rtnces 
■TOO 

I(i)« lA(v) «I(0)/2 i •CO 
10 the actual interfarogram Fit)   it 

F<x)»I(x)-I tOm A<v)co» 2^vx)dv 

From Fouritr transform thaoru 
/TOO ' 

A<v)»2jF(x) co«(2^vx>dx 
) -CO 

This Fourier transform process was well  known  to 

A?A\l\l ^ hit '••'• but th' computational difficulty of making the transformation limited the 
application of this powerful interferometric technique 
to spectroscopy. An important advance was made with 
the  discovery  of the fast Fourier transform algorithm 

Il^fi! Jh 
0 »Pfctro»coPy "»in9 interferometers by 

allowing the calculation of the Fourier transform to be 
lllrli     I rapidly.  The essence of the technique is 
!nJ  I^^10" in.the nUmber 0f COfl>P^«r multiplications 
*Calu!J in10"*. ' " ^^ POint, The norm^ computer evaluation    requires     n(n-l)     additions     and 
multiplications whereas the FFT method requires(nlog,n) 
additions and multiplications. If we have a 4096-pSSt 
tl^ .*°.Fourxer transform, it would require (4096)2 or 
16^7 million multiplications. The FFT allows us to 
reduce this to (4096)xlog2 (4096) or Ulll 
multiplications, a saving of a faftor of 341  in  time 

lat. oornt^9* /' th* FFT incT--*« «ith the number of data points. As computers have improved the time 
required for a Fourier transform ha. reduced untTl 
currently the transformation can be carried out in ?.„ 
than a second with fast array processers, thus the 
•pectra can be calculated during the return of the 
moving mirror if desired. 

However, it i, to be noted that the Fourier 
transform integrals have infinite limits whUe Jhe 
optical path difference are finite so modifications or 
approximations must be made. We will use the 
approximation of the limits between -L and L where L is 
the maximum distance of the mirror drive.  So 

S(v)»2lF<x)cos2^vxdx ZJFCx 
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wh.r. S(v) it ustd to indicatt that we art 
approximating tht Fouritr transform. It is of intartst 
to axamint the .fftct of this finitt optical path 
length approximation on the S<vK ) of an incident 
monochromatic source of wavelength v The 
interferogram for this source is K 

F(i)»A<vK>cos 2^vKx 

where  ACv^ )  i,  the  amplitude  of  the   light 
intensity.  Making the substitution, we obtain 

S<vK)=2jA(vK>cos(2^vKx)cos(27Wx>dx 

and after the transformation one obtains 

S<vK>«A(vK)2Lsinc 27tfvK-v)L 

where the sine function of g is sin g/u This 
function represents the instrument line shape of a 
Michelson interferogram. Obviously. this instrument 
line shape is not satisfactory because of the strong 
side lobes. These side lobes can be removed by 
apodization. Apodization is carried out by multiplying 
the interferogram by a function H(x), before the 
Fourier interferogram is transformed.  Thus; 

S(v)«2jF(x) H(x) cos (2/fvx)dx 
-L 

A variety of apodization functions(43,44) have 
been examined. Triangular apodization has the 
following form: 

H(x)»l-lx/LI if jt<L and zero otherwise. 

Again for a monochromatic source, we have 
/'too 

S(v)«2fA(vK)(l-||.|)cos(2^VK«>co«<2^v x)dx 

Note that the integration limits could now be 
changed to plus and minus infinity without changing the 
result, because the integrand is zero outside of the 
range -L x L, integration yields 

S<v)-A(vK) L sin
2(vK-V)L 

A summary of the effects of apodization has been 
given and recommendations(45) made for the appropriate 
apodization function for quantitative infrared 
measurements. There are a number of other problems 
such as phase correction arising from the fact that  in 
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practict.  th»  radiation und.reo»i ph«s» shifts du* to 
btamsplitttr characteristics, signal processing d.laus, 
refraction  effects in materials and so forth.  Several 
techniques have been developed which allow appropriate 
corrections to be made for these effects(46). 

The advantages  of  FT-IR  over  grating  infrared 
arises from several sources.  For measurements taken at 
equal resolution and for equal  measurement  time  with 
the   same   detector   and   optical  throughput.  the 
«ignal-to-noise(S/N) of spectra from an FT-IR will be M 
times  greater  than on a grating instrument where M is 
the number of resolution elements being examined during 
the  measurement.  Alternately, for a given observation 
time, it is possible to repeat the FT-IR measurement  M 
times  which  increases the signal by a factor of M and 
the  noise  by  a  factor  of f^Z. to     achieve  a   S/N 
enhancement  of  a  factor of M1^. This advantage arises 
from the fact that the FT-IR spectrometer examines  the 
entire spectrum in the same period of time required for 
a dispersive instrument to examine  a  single  spectral 
element.   Theoretically.  an  FT-IR  can  acquire  the 
spectrum with the same S/N from 0 to 4000 cnT'with  1-cm 
resolution   4000   times   faster  than  a  dispersive 
instrument.  Or from another point  of  view.  for  the 
same  measurement  time  a  factor  of approximately 63 
increase  in  S/N  can  be  achieved   on   the   FT-IR 
instrument.   Therefore.  when  there is a limited time 
for measurement, there is a definite time advantage for 
the   FT-IR.   When  time  of  measurement  is  not  an 
important  consideration.  the  time  can  be  used  to 

Th e^*" n^ith *" FT"IR t0 *ifln#1 •^•fl» •"* increase 
the S/N. Of course, there is also the inherent time 
advantage associated with rapid scanning FT-IR since it 

I^r^V*^ ,h0rt timt t0 obtain th» complete 
spectra(1.5 sec). This time advantage of the FT-IR has 
been particularly important for the study of the curing 
reaction of epoxy resins and degradation process and 
other time-dependent processes of epoxy resin. 

Another advantage of FT-IR comes from the fact 
that the frequencies of an FT-IR instrument are 
internally calibrated by a laser whereas conventional 
Irrut T* •«hibit *^t» ^en changes in alignment 
!"!!** '. advantage is particularly useful for 
coaddition of spectra to signal average since the 
frequency accuracy is a requirement in this case. For 
the absorbance subtraction technique to be useful for 
•poxy resins examined over a period  of  time  such  as 
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bg FTIR in.trum,nt ov.r thJ long' t^m. •chl.v.d 

Th» ovtrall «lmplicitu of an FT-TD ..— 

wh.rt*. with  th, di.p.rtlv. IIIfL  ^•nCy r,flion» 

rtsolution with an FT-IR ir..*, r•<li'lr•<,     To  improve 

""%PJ .n "p;; "P
t;,.:i;"i(.,n

w
t:": -"• ^'"zv., near-lR     ««..     K!     pre5*nt     in     the     epoxy     resins,      the 

5.3    Quantitative Infrared Measurements: 

Beer.^aU:;^tt^:,     "     ••th0dS       "•        b«-        on        the 

pathl^gthXC'EU'i:rt%.A.xJ!nct
the     ^sorbance     for     unit 

concentration The     anilu^^V0*^101'"*'    C   *•   th« 
r.sin     or     composltl     U     ^iLi!*   /ny,   multicomponent 
spectrum  of   thiriltV^   ^   '   ^.xp^i   i^:'.   '{■   "' 
combination     of  a  finit.   «.*«*-     P u  *     linear 
The   entire   P'ocetsX   bVIepar^eTi^0^   '"V" 
calculation       of        the       numE!^        V thr**     **•** 
identification of each oPttlll . • »p'ci" P^»»nt, 
fitting of the snlctra n* IK "Pecies. and a suitable 
of composite, Jhl^tJr InlV •>"*•* to the spectra 
in determining thriumb^":/**'0'! *" U"fo1 

distinguishabl.flcompon,.ntrr;hec0ofmp:;rtet;0,COPiC'lly 

ure: 5.4     Factor Analysis of Mixt 

to FT-IR  spectra. »P»ctra  and  most  recently 
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Th» Bt»r-L«mbert law can bt written for 
of component* ovtr a wavt length rang* as: 

n 

number 

Ai- 5 fcj wij 

where A i, the abeorbance epectrum of mixture i. cj 
i« th» absorptivity for the jth component, and^.i, the 
concentration of component j in mixture i. Factor 
analysis is concerned with a matrix of data points. So 
in matrix notation we can write the absorbance spectra 
of a number of solutions as: 

A-EC wher 
which   it  re 
containing  th 
recorded  and 
mixture being 
by  10  corres 
wavenumbers  a 
different  mix 
ab sorpt i on c oe 
the  A matrix 
rows  correspo 
components, 
has dimensions 
number  of mix 
course/ we do 
spectroscop ic 
information re 
can be used to 
analysis of a 
components in 

e A is  a  normalize 
ctangular(rxp)  in 
e  r  absorbance  at 
the p rows corresp 

studied. The A matr 
ponding to a meas 
t one wavenumber 
tures or solutions 
fficient matrix(rxn) 
for the wavelength r 
nding to the nu 
C  is  the concentra 
of the number of co 

tures or solutions, 
not know E and C or 
problem since E and 

quired to interpret 
generate E and C wh 

series of mixtures 
differing amounts. 

d  absorban 
form  havin 

each  wav 
ending to p 
ix could th 
urement  ra 
resolution 

E  is 
and  conf 

egion. but 
mber   of 
tion matrix 
mponentsi n 
p. being st 
we would no 
C contain 

A.   Factor 
ich allows 
containing 

ce matrix 
g columns 
enumber  r 
different 

us be 400 
nge of 400 

for 10 
the molar 
orms with 
only has n 
absorb ing 
(nxp) and 

# by the 
udied. Of 
t have a 
all of the 

analysis 
a complete 
the  same 

There are two basic assumptions in factor 
analysis. First, the individual spectra of the 
components are not linear combinations of those of the 
other components and secondly, that the concentration 
of one or more species cannot be expressed as a 
constant ratio of another species. It is the different 
relative concentrations of the components in the 
mixtures that provides the additional information 
necessary to deconvolute the spectra. 

What factor analysis allows initially is a 
determination of the number of components n in the p 
mixtures required to reproduce the absorbance or data 
matrix A. In factor analysis we find the rank of the 
matrix A and the rank of A can be interpreted as being 
equal  to  the number of absorbing components.  To find 
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th. r.nk of A, th, matrix h- A^A i. form.d u,her.  A^ i. 

rank of * i. ,lv,n b, ,„, „„„„„ of ^^ .JJ^J^JJJ 

5.5  Uut Squares Quantitative taalysls „f l„£rared suectra: 

tne       sum       of     squared     differences     between     tho 

B.LApec^a: '   *      lln"r     "^•••ion     model      for 

i"I i-\ el 

In this equation N=number of data points  in  .*rh 

ihann^l  o?  th k" ^^^   »P«ctrum, S, datum in the  P 

determinmfl   proper  scaling  factors  for  aJ!orh-nr2 

.%0 ;;;ti^t,::;i.vorin Fv* if th- ^- «" s: rn!**!!- I ProPerl« scaled. then the least-sguares 
Ul-ht •"*• Vi*ld th# co"^t volume fract!ontIor 
w.xflht  or  mole fractions, if desired) for a compos te 

B" J:S "ff it. :*\.r**"" of tho" co^e" s Besides,    if   the   quality   of   the   least-souares   fit  within 

5.6   Absorbance Subtraction Method: 

uiidelu"*   ll.T*   il9^*1     proc*"in9     oPT-tions     most wlj»l«       used        in     polymer     analysis     is     the     dioita] 
.ubtracton  of  absorbance   spectra.      In  order     to    rltlVl 
or   emphasize   subtle   difference   between   two   sampl.i   or  1 
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ITS IT?2 4* r,f,r*nct ««t^i.l.  Sp.ctr.l  ,obtr 
mth FTIR i, « pow.rfol mtthod of .xtracting .tru 
information  about  compon.nt.  of  compotita  »p 
When  the  tpoxy  raiin  is examined before and a 
chemical or physical  treatment.  and  subtractin 
original  spectrum  from  the  final spectrum, po 
•bsorbances reflect  the  structures  that  are 
during  the  treatment and negative absorbances r 
the  loss  of  structure.   The  advantage   of 
difference  spectra  lies  in the ability to comp 
for difference in thickne«ses of the two solid sa 
This  balance  of  thicknesses  allows  small  sp 
difference to be associated with structural chang 
not  be  outweighed  by the difference in the amo 
sample  in  the  beams.   Additionally,  with  pr 
compensated  thickness,  the differences in absor 
can be magnified through computer  scale  expansi 
reveal  small details of the spectral differences 
scaling parameter, k, is chosen such that: 

(A -kA )=0 
1   2 

action 
ctural 
ectra. 
fter a 
g  the 
sitive 
formed 
eflect 
FT-IR 
ensate 
mp les. 
ectral 
es and 
unt of 
operly 
bances 
on  to 

The 

where Ajand Age 
internal thickness 
Multiplication of th 
by k wil1 yield a n 
thickness as samp 1 
absorbance, integra 
curve fitting method 

E. M. Pearce(47) 
of  FTIR  to  compar 
epoxy  resins.   Thi 
considerations: 

orrespond to the absorbances of the 
band* of samples one and two. 

e absorbance spectrum of sample 2 
ew spectrum having the same optical 
e one. One may use the peak 
ted peak areas, or a least-squares 
to calculate the scaling factor k. 

demonstrated the subtraction method 
e the functional group stability of 
»  is  based   on   the   following 

If two functional groups x and y decrease their IR 

Inr^L *!!*^banC, #t ^ characteristic frequency V 
and V ,the difference absorbance of each functional 
group can be expressed as 

v       v    y V 
A  X*   A  X  VA  J 

v        v     .  V 
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In ordtr to remove functional  group  x  from  the 
difference spectrum, the k parameter can be obtained: 

i   v   v 

k =A2 
X/A1 

X= CJ/CJ 

where C is the concentration of the functional 
group i. Three situations can occur in relation to the 
absorbance of the functional y: 

A V-k A.\e b(C--kV) ^ 0 s       1   y  2    i ^ 

where#    i»   the   extinction   coefficient. 

If the value is more than zero, the group u is 
more     stable     than  the   group   x,      if  as   stable  as<«0)   or 

V,?.1-     th*n     flirouP      x      <<   0),respectively, under specific   degradations. «*   w     -r 

5.7     Sampling Techniques  for  FT-IR: 

< 

Transmission spectroscopy, Diffuse Reflectance 
spectroscopy, and Internal-Reflection spectroscopy can 
be used to characterize the epoxy resin in composites. 

TT T»Th* optic» of the »«mpling chamber of commercial 
FT-IR instruments are the same as the traditional 
dispersive instruments so the accessories which are 
generally available commercially can be used. The main 
difference between the two types of instrumental optics 

that  the beam is round and larger at the focus for i s 

FT-IR.  Thus, some  of  the  sampling  accessories 
block  some  of  the  beam energy in FT-IR experiments. 
When energy is a limiting factor, the  accessories  can 
De modified to accommodate the larger beam. However, 
the improved sensitivity of FT-IR allows one to obtain 
better sensitivity using the conventional sampling 
accessories  and   expand   the   range   of   sampling 
techniques. " 

In internal reflection spectroscopy (IRS) the 
sample is in optical contact with another materiaKe g 
a prism). The prism is optically denser than the 
sample, the incoming light forms a standing wave 
pattern at the interface within the dense prism medium, 
whereas in the rare medium the amplitude of the 
electric  field  falls  off  exponentially   with   the 
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Vtlititl     ll I   *   Ph#!* bound*^   I* th. rare medium 
exhibits  absorption,  the  penetrating  wave   becomes 
attenuated, so the reflectance can be written: 

R-l-kdc 

where dcIs the effective layer thickness. The 
resulting energg loss in the reflected wave is referred 
I0 *• •*t»n««ttd total reflection (ATR). When multiple 
reflections are used to increase the sensitivity, the 
technique   i,   often   called    multiple    internal 

r^i:;;?10"^-   ThUS  ^-^t-tively. an IRS spec^ 
resembles  a  transmission  spectrum.   There  are  two 
n/^ill     *ffCtl  ■r*»lnfl "-»• the wavelength dependence 

IRS.   First,  the  long  wavelength  side  of   an 
absorption band tends to be distorted and second, bands 
of longer wavelengths appear relatively stronger.  With 
FT-IR  spectrometers.  one  does  not  achieve the same 

improvement in  IRS  as  in  transmission  compared  to 
dispersion  instruments  because  theAe ATR attachments 
have not been redesigned for the  larger,  round  beam 
However, the signal averaging capability and speed have 
increased the utility of IRS for polymers  particularly 
for  surface  studies.   In  IRS,    the  infrared beam 
penetrates the surface of the composite between  a  few 
tenths  of  a  micron to a few microns depending on the 
type of reflection plate, the angle of  incidence,  and 
the wavelength of the infrared beam.  The depth of beam 
penetration can be reduced by placing  a  thin  barrier 
film  between  the trapezoidal reflection plate and the 
epoxy resin under study.  Hirschfeld has generated  the 
algorithms  which are necessary to use FRS to determine 
the optical constants  of  a  samp'le  from  a  pair  of 
independent    reflectivity    measurements   at   each 
frequency.   The  optimum method  appears  to  be   to 
determine the total reflectance at two polarizations at 
the same incidence angle.  Another  important  sampling 
technique  is  Diffuse  Reflectance Measurements.  When 
light is directed  onto  a  sample  it  may  either  be 
transmitted  or  reflected.   Hence, one can obtain the 
spectra by either transmission  or  reflection.   Since 
some  of  the  light  is  absorbed and the remainder is 
reflected, study of the diffuse reflected light can  be 
used  to measure the amount absorbed.  However, the low 
efficiency of this diffuse reflectance process makes it 
extremely  difficult  to  measure  and it was initially 
speculated   that    infrared    diffuse    reflectance 
measurements    would   be   futile.    Initially,   an 
integrating sphere was  used  to  capture  all  of  the 
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measurement  of diffuse nyif^19"^ WhiCh     *ll0W     the 
instrumentation.        reflectance spectra using FT-IR 

th**   Tl!  re,li|irement   ^or  reflectance   to   be     diffuse     i« 
for  a     ^ild   T1^   0fj:tl9CUd   11»ht   i$   i"tropic   bit 

a  large  number of particles, as is *n.r,w 

co.ffici.nt   (O   an.   th.   .c.^.r^'c^fict.nf "7"°" 

f (r^-d-r^   «k/i 

InflnTJH;  Jn^i   "!    •;"1^*    r.fl.etanc.       of       an 
-d th. fSnoi^g1^;^ iJn

c:i;^iUV st*nd*rd i% u"d 

r
»«" r^(»«mPl»)/r^o< standard) 

reflection with fr.quenJu is .«*M ! fl }" »P»C"1^ 
•trong absorption bJnllShij.JJi *!"!?* in r,flions of 
l»*ds re.trahl.n banj. " Itl •"°m-1^» dispersion 
spectrum. When the ",Jrah?.n £!nH 

P ^ r»fl»ction 
absorption bands cln aln.^/ ! ?* ob»»rv^' the 
This .ff,ct makes aulnt^!!?  averted at their center. 

with strong -^oVpt^^r^r-^rc^r^ ^ ^^ 

con.i^sr^an^i";.;^:^:,,;-^---- — 
preparation  1,  reouired  IhJrh    * .!ine*  no ••mP1« 
-orphologg of the l^l "^       Ch#nfle   th* 

6,0 BAND ASSIGNMENTS FOR EPOyv PFCTMC 

cn ^Ju'nT'in"^^^"!- --- -Poxy system 
N.ville. The literaJ"^ c«n* P0Xy R"in• b« L" •** 
— .ning     character^-'  .^0^^."^,.   --- 
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flroup in tmall molecule*.  A« shown  in  Table  l.  the 
infrared   and  Raman  assignment*  for  Epon  828  and 
NMA(Nadic Methyl Anhydride) by Antoon  and  Koenia(48) 
Absorption decreases due to the reacting species during 
the crosslinking  reaction  may  be  observed  at  3008 
C , !Urtd-lr

t0  4 <C'^) 0f th9   •POXld* ring3, at 1858 
and 1780 cm,CVs(C-t3) an^ V.^C-O) of the anhySride  ring 
.and 916 cnf^epoxide ring;.  Intensity increases after 
the crosslinking reaction are  at  2963  cm'1 CV.1(CH2 ) 
adjacent  to the ester groupD, at 1743 C V(C=0) ester3, 
and at 1778 cm-'Cv(C-O) of the ester].   Table  2  shows 
the  IR  spectra of three epoxy resins after curing and 
before degradation by Pearce(47).  The 3550 cflT'band for 
the  resins  was  assigned to stretching the -OH group 
The absorptions at 3060 cnT'and  3036  are  due  to  C-H 
stretching of the -CH-group.  C-H stretching of the -CH, 
- group can be assigned to 2933 and  2878 cttT* The 
absorption at 1732 may be assigned to stretching the 
carbonyl groups in DGEBA and DGEBF. Bands at about 
1610 and 1578 crrfare derived from quadrant stretching 
of the benzene rings. 

7.0   INFRARED STUDIES OF CURING OF EPOXY RESINS 

The  studies  of  curing  of  epoxy  resins   with 
infrared  spectroscopy  are  based  on  the  absorption 
intensity  of  the  epoxy,   anhydride   and   hydroxyl 
functional  groups  that  appear  at  913,1858,345 cm"'. 
respectively.  In other cases the  near-IR  spectra  of 
the  epoxy  functional  group is used.  Since the glass 
fiber has a strong absorption in the mid-IR region.  it 
is  very  difficult  to measure the IR spectra of epoxy 
matrices  with  dispersive  spectrometers   for   glass 
fiber-remforced composites.  Perkinson<49) developed a 
method of separating the epoxy  resin  from  the  cured 
fiberglass-epoxy  composites.   The  method is based on 
the concept of differential floatation  which  involves 
the  separation  of two materials of different specific 
gravity with a liquid of intermediate specific gravity 
Infrared   spectra   of   three   differently  prepared 
specimens of the same lot  of  prepreg  composite  were 
compared and the results demonstrate the feasibility of 
this  approach   for   cured   composites.    The   low 
signal-to-noise   resolution  limit  and  the  time  of 
scanning  the  entire  spectrum   with   a   dispersive 
instrument.  limits  the application of conventional IR 
to the study of reaction with short half lives   Since 

IR   can  solve  this  kind  of  problem with  rapid 
scannmgdsec). Buckley  and  Roylance(7)  demonstrated 
this technique by studying the kinetics of a sterically 
hindered amine-cured epoxy resin systems.  Variation in 
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TABLE 1(a) 

IHFRARED AND RAMAN BAND ASSIGHMENTS FOR EPON 828 

IR RAMAN ASSIGNMENT IR RAMAN ASSIGNMENT 
^3500 v(OH) lfc57 1U62 v(C=C) i  + 

3210w 

3151w lU3iw ll»29 

6as(CH3) 

6(0CH2)? 

6(CH) epoxy? 3123vw 3125w Iklkv ll*lW 

3098v 1385- 1385vw 6 (CH)gem-dimethyl 
3067s vU-H) 1363 1360vw 11 

3057 V^^^ epoxy 13^7 13MB 6(CH) epoxy 
3038 v(*-H) 1312sh 1310sh 

3006 v(*-H) 1298 1298 v(C-0)+v(C-C) ? 
2998sh VB(CH2) epoxy 1261 epoxy ring 7 
2968 2969 vas(CH3)+ 125^ epoxy ring ? 

vas(0CH2) ? 

v(CH) epoxy ? 

12kbs vU-0) 

2929 2927 1230sh 1231 6U-H) in-plane 

2910 1185 1187 6(*-H) in-plane 

^2890sh 1157w 1151* ♦ 
2871* 2871 V8(CH3) 

v8(0CH2) 

1133 11314 

2836 2833w 1120w 

280 5w 11138 

2756w 2755v 1108 

2710w 1066 1087 «U-H) in-plane 

t206W ♦, disubstituted 1076sh 

I891w M 105 5w 

•mesv It 1036 lOJiOw v8(*-0-C) 

1608 1607s v(C-C) 4 1012 1015w «(*-H) in-plane 

1583 1583 n 992w 

1511s 1510w « 971 

H»8lv 6(CH ) epoxy 936w 938 6U-H) out-of-plane 

ll»708h 
S 

916 9^7 epoxy ring 
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TABLE  1(a)   continued 

IB RAMAN    ASSIGNMENT 

•^06sh 

863 fi63        epoxy ring 

836 

831 «(*-H) out-of-plane 

82l4s       «(4) out-of-plane 

808sh 809 

772 

765 

758 , 

737v 737 

727v . 

677sh 

667 

651* 

650 

63^ 

60W 

586v 

575 580tf 

557 . 

50W l498v 

1*50 l»55v 

395        «(♦) out-of-plane 

37l«sh 

350w 

3l8w 

277sh 

210 

213sh 

175v 

s ■ strong sh ■ shoulder 
w ■ weak v = stretching 
▼w ■ very veak £ ■ deformation 
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TABLE 1(b) 

IHFRARED AND RAMAU BAND ASSIGNMENTS FOR NADIC METHYL ANHYDRIDE 

IB RAMAN ASSIGNMENT 

3077 

3072w 

3058v 3060 

30l8sh 

2993 

v(=C-H) 

2981 

29»*5 

2985s 

29214 

Vas(CH3) 

Vas(CH
2> 

v(CH)  tertiary ? 

2917 2916 VB(CH3) 

vB(CH2) 2879 

2857sh 

2882 

2857 

2828w 

21kkv 

1858s 1859 

1852 

v  (C=0) 

-1820? 183»4? 

1780vs 

170W 

1781 Va8(C=0) 

I626v 1627s 

1576 

v(C=C) 

ll»65w ll465sh 6(CH2) 

lWt5 

1382w 

13l»5vw 

ll*l<9 

1381 

6as(CH3) 

«B(CH3) 

6(CH) 

1326v 1329v «(CH) in-plane 

1312vTf 

1299 

1289 1290w 

1277w 

IR RAMAN ASSIGNMENT 
1267v 

1256w 

12U6v 

•vl2l*0 

1228s 1230w v(C-O) 
1216 

119W 

ll80w 

1137v llll 

112^w 1125 

1106v 1107 

1083s 

107W 
anhydride ring 

1053v 105W 

1039v 

1015v 1017v 

100 3w 1006w 

990vw 989 

970v 

91»3s anhydride ring 

929 931B « 

916s 920 M 

899B 902 N 

868v 87 Ow M 

e53w 
81.3 BUUv 

6l6sh 619 

798 799v 6(=CH) out-of- 

786sh 

continued ■   • • 
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TABLE  1(b)  continued 

IE 

761*sh 

RAMAR ASSIGNMENT IR 

758v 759v 

736w 

712 717v 

696v 

673Bh 672 

61j9sh 

635v 

622 622B 

599 

589v 

573w 576v 

536v 539v 

506w 

l*95v I498V 

l«6lw l«65v 

14147V 

l»31v J»3W 

J»27w 

l«19w 

l»08w Ul2sh 

376v 

360w 1 

s « str 
w « vea] 
▼v « ver; 
Bh « sho 

v » str 
6 « def 

y strong 
ang 
It 
y veak 
alder 
etching 
ormation 

RAMAN 

330w 

2l*2v 

211v 

I88v 

15W 

ASSIGNMEKT 
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TABLE 1 (c) 

INFRARED SPECTRAL CHANGES DURING THE CROSSLINKING OF A 

STOICHICMETRIC NADIC METHYL AHHYDRIDE/EPON 828 

MIXTURE CATALYZED BY 2.0Jt WEIGHT BENZYLDIMETHYLAMINE 

INTENSITY DECREASE ASSIGNMENT 

vas(CV epo3cy 

V8(CH2) epoxy 

INTENSITY INCREASE ASSIGNMENT 

^3060 

3010 

2963 

^29014 

V«(CV 
v(CH) 

2863 Vs(CH2) 

I858 v (C=0) anhydride 

1780 v (C=0) anhydrii 
&s ie 

17J43 

1U5U 

1398 

1361 

1332 

1267 

v(C=0) ester 

6{CH2) 

»(CH2) 

v(C-0)+ (C-C) 

1228 v(C-O) anhydride 

1178 

1155 

1127 

1112 

v(C-O) ester 

v(C-O) ester 

v(C-C)? ester 

1083 anhydride ring 

1056 

1012 

91*2 anhydride 

928 H 

915 anhydride+epoxy ring 

898 anhydride 

665 anhy dr i d e+ epoxy ring? 

bk2 

798 V ■ stretching 

713 6 

m 

■ deformation 

■ vetting 
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TABLE II. 

Tentative Infrared Absorption Assignments for the Three Cured Epoxy Resins and the 
Absorption Variations During Degradation 

Wavenumber 
(cm"1) 

DOKBA 
IR» Tnh       TC 

3570 X 
35SO 
3525 

34.10 

3350 
,1.100 
3200 
3008 
30fi0 

3052 X 
3o:w 
3034 X 
2970 X 
2935 X 
2933 
2930 
2880 
2876 X 

1808 

1790 

1784 

I78:> 

1775 

PO
1
*      in 

X 

X 

DCKI'P 
TO I() PO 

+ + 

+ + 

+ 

+ 

x 

X 

DC.KHK 
m        TU        TO PO 

Functional Vibration 
group mode 

R-OH WO-H) 

ArOH WO-Hl 
0 

ArCOH 

}  R-OOH 

HO-HI 

WO-H) 

Ar-OOH r(0-Hl 

Arylcne HC-H) 

Methyl i-fC-H) 

Methylene 

Rr—O -CR 
h 

O 
+ I 

RrOOH 

|   IM tolM- 

»fC-Hl 

HC-oi 

WC-O) 

l<(C      Ol 

continued... 



TABLE II (continued) 

I7B5 

IW1 

1745 

17:12 

1725 

1715 

IGG5 
mm 

1578 
1510 

1505 

1480 

1465 

1448 

1440 

1425 

1412 

X 
X 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4 

+ 

X 
X 

+ 

+ 

+ 

+ 

4 

4 

X 
X 

4 

4 

4 

4 

:) 

v 
RltlOR 
l.nctunr 

O 

R(OR 
KCHO c 

I 
{) 

? 
RCDM 

I'hpnoxy 
I'honvlt-ne 

Phenvlene 

i'(C    U) 

Qnndranl 
slrplrhinu 

Semicirclp 
slreuhinn 

continued. 



TABLE II (continued) 

Wjivenumher 
(cm"1) 

DC. ERA 

1288 
l2Hfi 

I2(«) 

1280 

I2r,5 
124* 

121)2 

ntiKPV 

UJ 
1184 

1180 

1170 

1120 

1096 
lOHTi 

linn 

loir, 
1010 
•HCi 

»I0 
92S 
H'JO 
>W.r. 

IR- Tnh 
T(y 

+ 

+ 

PO* 

+ 

+ 

IR        TI)        TO PO        \H 

x 
X 

X 

+ 

+ 

rxJKRF 
TD TO 

+ 

+ 

PC 
Funrtionnl 

(troup 

Lactonp 
Ester 

OH 

OH 

acid 

Ar-O- R 
Ar    OH 
Ar—I — Ar 

I 
C 

Ar—<—Ar 

I r 

Ar—C—Ar 

I 
C 

Aliphntic 
<'hain 

Aliphntir 
ether 

I   Lactune 

.       J   IVnixirlf 

Vihratiiin 
mode 

V(r-0_C) 
HC—O -C) 
ur 
HC—O) 

viC- -01 

riC—O) 

„((' -O—C) 
rtC—O—C) 

vi( -C 

wc-n 

i-ir n 

i.(C -O -C) 

HC-0 -D 

i'(0   Ol 

continued. 



TABLE II -    (continued) 

H40 
H:«) 

8L'5 
HW 
17,T 
7M 
7IB 
740 
7:16 
725 
715 
K!t2 

• IR: OriKinnl IR spetlrnm of epoxy resin. 
hTD:   Thermal dc^rHclflI ion. 
r TO:   ThermiNixidativp degradalion. 
d PO:   PhiittKixidative degradatiun; stretrhing. 
' X:   Absorption present in the original spectrum. 
' +:   Ahsorbanre increase during degradation. 
* —.   Ahsorhance decrease during degradation. 
h:   The absorption formed possibly by decreasing peak. 1782 cm"' and increasing peak. I7(M cnr1 

p Phenylene Inphase, 
out-of-plane 
hydrogen 

' "•aggmg 

«<- Phenylene '  In phase. 

ont-ofplane 

i 
hydrogen 
wagging 

o-Phenylene Out-of-plane 
sextant 
ring 
bending 



•poiid* «bsorb«nc» caused bg differenc«» in specimen 
thickness can be eliminated by normalizing the epoxide 
peak height to an internal reference peak which appears 
at 1510 cm"'due to the phenyl groups. 

A915.t w "'SsiO.O 

A 
1510. t  A915_0 

f  ^fraction unreacted epoxide at time t 

A    r specimen absorbance at 915 cm  due to epoxide at time t 

A,^,„ r specimen absorbance at 1510 cm   at time t 
1510,t  r 

A   n = initial absorbance at 915 cm 

A...- —initial absorbance at  1510 cm 

Dannenberg(50) used near IR to studg the curing 
reaction of epoxy resins/ and demonstrated the 
advantages of this technique which is very sensitive 
due to the fact that epoxide group has a strong 
overtone absorption frequency in the near IR region. 
Several studies(48-50,7,8) have been reported on the 
epoxy curing process by FTIR. Appropriate programs for 
data processing are available and easily modified to 
any specific reaction needs. These techniques have 
been found very helpful to interpret the complicated 
crosslinking reaction of epoxy resins. Sprouse. 
Halpin. Sacher(54) used FTIR spectroscopy to measure 
the extent of cure in fiber-reinforced-epoxy composites 
by two different techniques. The two sampling 
techniques are :(1) thin films of neat resin held 
between salt plates and (2) internal reflectance 
spectroscopy. Thin films were cured in the same 
program as used in the corresponding composite 
fabrication. IR spectra were recorded at short time 
intervals throughout the cure cycle. Internal 
reflectance measurements were performed on the 
corresponding composites and results were compared with 
thin film measurements. Antoon and Koenig(55) 
demonstrated the utility of FT-IR difference spectra 
for investigating the composition of neat epoxy resin, 
hardener, and catalyst as well as the composition and 
degree of crosslinking of the cured matrices.  Improved 
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pr.ci»ion is «chi»v.d by using a l.att-sauar.s 
curve-fitting program for the determination o* til 
composition  of  the  uncured  and cured epoxy matrices 
mi x tures. 

8-0  QUALITY CONTROL OF EPOXY MATRICES IN 
FIBER—REINFORCED COMPOSITES 

Fiber reinforced composite structure have gained a 
significant position as materials of construction for 
the aerospace industry and transportation industry. It 
thus follows that large expenditures of funds and human 
lives are dependent on the reliability of these 
products. An important step in gaining confidence in a 
product is knowing that the starting prepreg has the 
»ame chemical formulation, and each lot of material has 
been processed in the same manner. 

Antoon and Koenig(S6) developed a general and 
convenient method for determining simultaneously the 
initial resin composition and the extent of 
crosslinking of epoxy matrices. This technique can be 
used as a quality control method to determine that the 
starting prepreg has the same chemical formulations and 
that each lot has been processed in the same manner. 

Figure 9 shows the results of the factor analysis 
of crosslinked epoxy/anhydride resins in the 2000-1400 
cm-1 region. The plot of logeigenvalue in descending 
order reveals a break in the eigenvalue magnitude 
between the third and fourth eigenvalue. As indicated 
by Antoon and Koenig. the number of these larger 

li!!^* •JK
1
' !<lUal t0 th* numb#r of ""Ponents in ihe 

loo!! —JJ tf0r#' **• •P«ct^'« of th. crosslinked 
•poxy  matrix  may  be   approximated   by   a   linear 

colnonlni0"   K        0nly   thr"   ^""^W  independent 
r«™!n* ll9^™ ^  ^^  »P*C^-   chosen   to 
c ™ components were that of pure NMA. pure 
Epon 828, and a difference spectrum characterictic of 
the crosslinking reaction. The difference spectrum was 
calculated by subtracting the spectrum of a 
•toichiometric mixture of NMA and EPON 828 crosslinked 
for 37 min at 80 C from the spectrum of the same 
reactant mixture crosslinked for 83 minutes at 80oC 
The procedure is Illustrated in Figure 10. Figure 11 
shows the absorbance spectra employed for the analysis 
of the crosslinked epoxy matrix. A boxcar function is 
included  as  a  fourth  component in the least-squares 

46 



23456789 
COMPONENT 

Figure   9.    Fm'turaniily\Ui)frnmilinkfdvfh>xtiianhudridi rv\in in 
th( 2000-1400(»i~' n-fziim. Trrliury amitu -< alalynd rcai timn 

T T "T T ~l ' 1 « 1 
gcee teee IECB iiee leee lecc eee see 

Figure   10.      ^"crati,,,, „fdiffirtui • spc, truni, hururtrrisli, ofH&'C 
vnnihnkittfiiifuoffhi'mvtrii mntun iifSMA/EPOS hSh Tnp 
ir<iiiliiik,d83viin.Mi<ldl,   ( mwlitikid 37 mm, B.-tlnn,  diffri- 
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Figure   11.        Spriiral fiimponrnls iu u friisslhikid cfnixyliiuhijdridi 
i))iiltf \ti i ■ matrix fillrd ttilh S-i;'"^> Frnm top KPDS h^^ 
I'ftniil ic MIL IIIIIIK iiiithi/l iiiiliiidndi. iri)idinkiiii! diffrn'ini 
ijHi-lrum ifrum Fi^. 2l. S-g/«J»». o»d Imutirfuiu li»u. 
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analysi, of the r.»in in ord.r to pr.v.nt trror* in th« 
background Uv.l from aff.cting the .ccuracy of th* 
l*.st-»quare, coefficient.. The .pectrum of S-olass, 
•l»o .hown in Fiflure 11, i, included «• a fifth 
component in the leett-equere* curve-fit analysis for 
S-glass reiforced composites. After performing the 
least square curve fitting, the quality of the fit 
between the experimental resin spectrum and the 
least-squares fitted spectrum is illustrated in Figure 
12. the least square coefficient corresponding to the 
difference spectrum is a measure of the extent of 
crosslinking, and the coefficients corresponding to the 
pure NMA and pure epoxy are a measure of the amount of 
reactants. 

Figure 13 shows the factor analysis of glass 
fiber-reinforced epoxy composite. Since there is no 
obvious separation between the nonzero and error 
eigenvalues, it is an arbitrary decision to determine 
the number of components that contribute to the 
composite spectrum. Antoon and Koenig attribute this 
problem to systematic errors in the spectra themselves 
Figure 14 shows a least-square curve fitting of five 
component spectra to the spectrum of a composite. As 
can be seen, the fitted curve and the experimental 
result coincide satisfactorily. The results for 
nonreinforced matrices consistig of stoichiometric 
mixtures of epoxy and ahydride crosslinked to various 
extents are given in Table 3. The weight percent 
compositions are derived from the least-squares 
coefficients after scaling the EPON 828 and NMA 
spectra. The actual weight percent compositions are 
from weighing. As indicated by the calculated standard 
errors, the accuracy is generally within 2 percent and 
most notably the accuracy is retained even at very high 
extents of crosslinking. Table 4 shows the 
least-squares analysis of S-glass reinforced 
crosslinked epoxy matrix. 

The least-squares analysis of epoxy matrix yields 
reproducible information with an accuracy limited by 
several spectroscopic problems. A source of error 
comes from sample preparation limitations. The wedge 
effect occurs from nonuniformity in the infrared 
pathlength through the sample, that result in the 
deviation from Beer law and causes a weakening of the 
stronger absorption bands in highly-absorbing 
materials. Another source of inaccuracy is due to the 
change in the spectra of NMA and EPON 828 when the 
molecules are in electronic environments that differ 
from   that   of  pure  liquids.   Finally,  since  the 
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2000 1400 
Figure 12. Ltmslsquares fit of the spectra EPOS' H2H and Kodic 

methyl anhydride, the cruSslinkinR difference sperlrun, and the 
boxcar function to the spectrum of a partially crosslinked poly- 
ester motrii. Solid line: experimental matrix spectrum and dot- 
ted line: fitted spectrum. 
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Figure    13. Factor analysis of the spectra of crnssliiikcd polyester 
composites in the 1530450 tW region. 
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^■gure   14. Leas'-Wares fi< of five component spectra (from Fig 3) 
to ttw spectrum of a composite in tltc 1550-850 cm-' region. 
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T.ble 3 LMM-tquarn Analysis 2000-1400 cm ' of ^^W^Mom^y knhfMOtXpoMM* MMurss (0.5'/. wt BDMA c.t..y.t) 

Uncurtd Uasl-squar«B calculation (%) 
Composition 
by weighing 

Extent crosslinked 
from l(1B60)/l(160e) 

EPON 828 
NMA 
Extent crosslinked 

51.99 : 1.B9(wt%) 
48.01 - 0.96 (wt%) 

-1.65 r 1.37 

50.77 
48.23 

0.0 
X mm (a WC 
EPON 828 52 06r 1.97 50 77 
NMA 
Extent crosslinked 

47.94 r  1.00 
5.97 = 1.42 

49.23 
6.6 

60 mm 'a 90:C 
EPON 828 51.62 - 2.11 50 77 NMA 
Extent crosslinked 

48 36 = 1.07 
12.42 = 1.51 

49.23 
13.2 

90 Mm 'ii gee 
EPON 826 51.58 r 2.24 50 77 NMA 
Extent crosslinked 

48.42 r 1.14 
1847 r 1.60 

49.23 
18.8 

120 mm u 9&C 
EPON 826 51 11 = 2.31 50.77 NMA 
Extent crosslinked 

4889 r 1.17 
28 14 = 1.64 

49.23 
31.0 

6hr i.i 90 C 
EPON 828 5199 r 1.89 50 77 NMA 
Extent crosslinked 

4801 r 0.96 
65 35 : 1.36 

49.23 
70.2 

Table ALaaat-Squares Analysis of S-Glaas Rolntefcad Croaallnked Epoxy Matrix 

Temp., time of curing 

BOX. 
acre. 
acre. 
acre. 

70 mm 
90 min 
110 min 
130 mm 

80°C, 180 min 
^«rc. 30 min 

^predicted) 

31.1 
39.3 
47.5 
55.6 
63.7 
83.5 

Region 

2000-1400 cm '    1S5O-050 cm 

1.2 
1.1 
1.1 
1.0 
1.0 
1.0 

51 
59 
57 
62 
70 
82 

0.93 54 
0.88 55 
0.90 59 
0.92 62 
0.96 67 
0.93 80 
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refractive indices of KBr, crosslinked resin, and 
S-glass spectrum «re substantially different, 
significant nonlinearitg in spectra occurs by the 
scattering of the infrared beams. Although there 
exists some spectroscopic problem, Antoon and 
Koenig(56) suggest some methods of improvement. 
Statistical methods of determining the number of 
components present mag be helpful. Multiple difference 
spectra, each representing the crosslinking at each 
stage, can improve the sensitivity of least square 
methods. 

9.0   INFRARED STUDIES OF DEGRADATION OF EPOXY RESIN 

Another  important application of infrared spectroscopy 
in characterization of cured  cpoxy  composites  is  to 
determine  the effect of in-service exposure conditions 
(degradation.   hydrolysis.   weathering,   aging)   on 
composites.   The  surface  of a glass fiber-reinforced 
epoxy  composite  is  degraded  rapidly  upon   outdoor 
exposure  unless it is protected by a UV-absorbers or a 
paint.  The  degradation  phenomena  are  difficult  to 
study   due   to   the   uncertainty  in  epoxy  resins 
composition and the intractible  nature  of  the  cured 
composite   that   prevent   the  use  of  conventional 
techniques of polymer analysis.  Although  DSC  can  be 
used   to  evaluate  the  thermal  stability  of  epoxy 
composites,  it  only  gives  an  estimate  of  thermal 
stability  and  can  not  provide enough information to 
interpret the degradation process.  Several techniques, 
such  as  gas  chromatography.  chemical analysis, mass 
spectroscopy,  have  been  developed   to   study   the 
degradation  phenomena.  These methods are based on the 
analysis of the degradation  products  related  to  the 
original   polymer.    However,   these   methods   are 
complicated, since the degradation of material at  high 
temperature  may cause rearrangement of the degradation 
fragments, or other reactions.  Therefore,  degradation 
product  analysis  may  lead  to  a  false  degradation 
mechanism.  On the other hand, FTIR can eliminate these 
problem.   Ceorge, Sacher, and Sprouse<S7) investigated 
the photo-protection of the surface resin  of  a  glass 
fiber-reinforced    composite   with   FTIR   using   a 
single-pass internal  reflectance  attachment  for  the 
surface  study.  As shown in Figure 15, the IR spectrum 
shows a strong ester carbonyl band at 1735  cm-1  which 
is  used  as an index of photo-oxidation under exposure 
to the sunlamp.  This band can be used to  measure  the 
photo-oxidation  rates  of  different  epoxy  resins as 
shown in Figure 15.  The 1009 resin  is  a  mixture  of 
novolac epoxy and bisphenol A epoxy. 
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Composite SurUcr 

Unfipoitfl URSI 

1735 cm 

Currd Resin Film 

Unupostd 

IKS 1400 

Figure   15. '»»>RS-IRspfcUum of unexposed 1009-26comp<Bii« surface and IraiambsionlR of surfat* 
washings from composiLe surface exposed 4000 hr to sunlamp.   (b) Transmission IR of air-cured 
UXJ9 resin film before and afl«r 55 hr of exposure to sunlamp. 
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Figur. 16 shou/.d th« oiidation r.t.s for different 
tpoxy r.sins. The observed oxidation rate fo^he 
•poxy novolac is eight times that of the bisphenol A 
•poxg. The high photo-oxidation rate of thl^raJ 
•poxy novolac is related to the cure process itself 

The uncured resin showed negligible absorption  of 

I iJIr/M*ti0n (Fi9Ure 17)- Wh8n »»••*•- •* 165 C for 
tornll rT'**™     intense  absorbing  chromophor.  is 
rh™o„K * *. CUr* 1S c*"i«1 out under vacuum, 
chromophor. formation can be minimized. It was found 
that novolac epoxy shows the chromophore formation 
whach justify the reason why the  photo-oxidation  r^ 

?hV,h.nOVOl'C !f0^.U hi9h,r- 0n th* oth^ »»and £11 the changes in the IR spectrum during cure. it was 
found that there occur. . strong carbo^yl grouj 
absorption  that  is  du.  to   oxida?iom   21     "thiJ 

Therefore, the weathering .tability of an .poxy r.sin 
can b. aff.ct.d by th. conditions of cur.. 

to rPnl
MTC* U!!d t|le •ub*r«ction of absorbanc. sp.ctra 

to compar. th. functional group stability of .poxy 
r.sin. Figur. 18 shows th. IR .pectra and diff.rencl 
spectra of cured DCEBA, before and after tJ^ma! 
degradation.  Th. absorption bands of th.  dr.d  rlJtn 

ioDLrJeCrTaSed. in int*nsity *"* n.w bands hav. 
funrJ^  ,  0 undtr»t«"«' *"• r.lativ. stability of  the 
for DCISA ,h

9r0UP\in the re5in' as 5hown *" ^fl^a 19 
chlnafn!  *K    »ubtract.d  sp.ctra  w.r.  obtaln.d  by 
changing  th.  k param.t.r.  Aft.r th. band at 830 cm-i 
<p-ph.nyl.n.) is canc.l.d(A830.0)  "  shows  tha?  thi 
diff.r.nc.    absorbanc.   SA,3052A3034 J^O^SS-* ^ 

thJ ^la^S  r^- t-**™*1*™  9TOup   is not as stabl. as 
.tlhT-^l ^ 9r0UpS •nd m*y r.arrang. to a mor. 
stabl. form of substitute b.nz.n. sp.ci.s Aft.r 
c.nc.lmg th. -C^group absorption, th. C-H str.tchinj 
fr.qu.nci.s almolt disapp.ar whil. thos. of th. -CHr 
group show nagativt diff.r.nc. absorbanc... Th. r.sult 

ihJ h!n that the 'CH flroup h" "i-ilar stability to 
or^n S* ^^ •nd hi9h,r •Ability than th. -CH- 
Sr^r of l!i;;?infli thi% m#th0d' P"rce "tablish.d th. 
flro!p ^L t"tlJ0h 9r0UP •t*biIlt« « ^tal m.thyl 
SthiJ ^!!!  %•"?•"• flrouP> •"•thyl.n.>.P-ph.nyl.n.> 
Ini^sii ?r >- 1*0pr0Pylid,ne B"ed on y FTIR r««I!i!;^ i% P^opos.d that initially th. 
itopropylid.n.  group  d.grad.s.r.l.asing   th.   first 

55 



0.10 

0.06 

0.06 

o 

o.ot 

0.0? - 

Figure   16. Chanjte in aliphalir carb 

100 200 3Q0 

U.V. Dose Whr/m? 
400 

rbonyl concrnUation measured bv absorption intensity at 1735 . 
iSOD) wth U.UI UV dose from 300 to 350 nm for the resin .ystem. .nd.ct*d 
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Figure   18 . !R and difference spectra of cured DGEBA before and after thermal degradation at 300°C 
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Figure   19.        Variations in the thermal degradation difference spectrum of cured DGEBA d 
ceimg process unng can 
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oxid.tiv.,thermal, and photodt8r«d«tion» wtra found to 
b.  rtlat.d  to th. autooiidativ. degradation processts 

ln6 Nnl/ill" ^droc"bon«- The Wi.land raarJangem"? 
and Nornsh type reactions, as well as other possible 
ondation degradation mechanism, were also suggested. 

On the other hand. Antoon and Koenig utilized FTIR 

on .i I^1^ -irr,V,r,ible ch*mic*1 tMectf of moisture 
on an anhydride-cured epoxy resin(58).  Exposure  of  a 

rI!I!!J !#V501? *jlm t0 80 C li,luid w-t^ environment 
caused a hydrolysis of the unreacted anhydride 
groups(approximately SX of the Initial anhydrides) to 
diacids^ This effect, dominant during the early stages 
of moisture exposure, is illustrated in Figure 20 The 
decrease in anhydride concetration is indicated by 

F?^1^ J*""" of mA vibrations at 1860. 1080 cm"' 
oJ9 tJ. . 0W% th9 •ff#et 0fo lo"fl-t.rm exposure 
lL*l  I     ••m#a/Pf««  '"«  ^  80oC liquid water   The 
!nr^r!!7 J!! •Ct, i% hydrol«*i» •"«■ l.-ching of 
unreacted NMA molecules; the longer-term effect rule 
out matrix hydrolysis and may be due to subtle 
structural changes such as perfection of the H bonding 
or polar groups. 

The effects of stress on moisture stability is 

™an~*cn JgUr* !* The int»"*i*« decrease at 17^4 cm"* 
3500 Ind irJo 0f .yt*\9roupi intensity increases at 
3500 and 1720 cm'may be assigned to the formation of 
alcohol groups and carbonyl groups, respectively. Such 
a hydrolysis reaction, though very slow, is expected to 
be important in initiating irreversible matrix 
degradation. As shown by Antoon and Koenig. the 
degradation effect is  slightly  more  rapid  when  the 

rn^nJr*1"*1!.0"*^ »tr,»» In Fifl^« =2 the relative 
intensity of the ester carbonyl  peak  at  1744  cmH is 
plotted versus exposure time in pH 11.9 water(80OC) for 
•poxy films with a range of applied tensile stress 
levels. High stress dramatically increases the 
hydrolysis rate. 

10.0  RAMAN SPECTROSCOPY 

Since the advent of laser. Raman Spectroscopy has 
become an important analytical tool in polymer 
research. Raman scattering occurs for those 
vibrational motions. which produce a polarization or 
distortion of the electron charge of the chemical 
bonds. Thus the stretching motion of a homonuclear 
diatomic molecule is active in the Raman  effect    the 
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lgUre .n^O'C ^1^ SPTSh0Wi^the pr^ression of sPectraI <***» occurrin, in epoxv resin 
.n 80 Cd.st.lled water. Same sample as m Figure :. (A) 4.4 days minus zero davs exposure. (B) 
3S days mmus 12 days.   (C) 50 days minus 35 days.   (D) 224 days minus 98 days. 

v, 01 
9ete 38M 28M WM aeee ,«,• 

r Igur e ^1 Exposure of epoxy resin U, 1007. relat.ve humidity air at 80«C while under 2 6 X 10s dyn W 
UlWlle stress. (A) Absorbance spectrum after 155 days exposure. (B) Ahsorbance spectrum after 
/I days exposure.   (C) Difference spectrum:   A minus B. 
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10      20      30     40      50      60     70      80     90 

TIME (DAYS) 
Figure   22.   Relative ester content (1744 cm"1 intensity) versus time for epoxy resins under varying 

tensile loads.   Environment is pH 11.9 water at 80oC.   Stress (dyn/cm2 X 10-8):   (O) 0.0; (•) 1.9; 
(A) 2.6; U) 4.0; (D) 5.4. 
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.#•.,♦ P0^ion. of th. mol.cules. Whil. tht IR 
•ff.ct yitlds information about tht polar portion* of 
tht mol.cula. Dut to tha compl.m.ntarg natur, of tht 
two types of »p»ctro»cop«. th.g should both be us»d 
wh.n.v.r po.sibl..  .inc. Raman  sp.ctroscopy  .nhanc.s 

!l!i.i!! " iV*?#" 0f IR f0r "^^fl chamical structurt probltms and vict vtrsa. 

r^h.!inC^th• R*ma? •ff*ct i%    *  liiht •e«tttrlng 
rathtr than a light transmission procass, th. 
transpar.ncg. siz.. and shape of the samples are 
relatively unimportant. Thus, one can run large 
samples or extremely small sample samples with 
comparative ease in the Raman. Filled polymer, 
composites, present difficulty for IR investigations, 
since the fillers such as glass,clay, and silica are 
strong IR absorbers that block the IR spectrum of the 
polymer. These particulate fi1lers(glass,si 1ica) are 
poor Raman scatters. so the Raman spectrum of the 
polymer is   obtainable without removal of the filler. 

Only « f,w of reports have appeared in the 
literature. Lu and Koenig<59) used the Raman 
spectroscopy to study the curing of epoxy resins 
Strong Reman lines which are characteristic of epoxg 
IIS LJT? indePend»r't of the state of cure are found at 
640,823,1114,1188,1232. and 1608 cm-1. which are due to 

yll anl'^V A V1!*0"- Th» •?«»«« group has lines at 
/6B, BO'?, 1156 cm-l. which are sensitive to the degree of 
crosslinking. " 

11-0   DIELECTRIC ANALYSIS 

The dielectric analysis is based on measuring the 
ability of the dipole in a system to align with an 
oscillating electric field. In aligning the dipoles. a 
certain amount of energy is utilized. By subjecting an 
epoxy system to the oscillating field. information 
about the viscous and elastic properties can be 
obtained through the following relationships: 

E»E0exp iwt 

D-D0tzp (iwt.+ 5". > 

where E is the amplitude of the electric field and 
D is the displacement.  Furthermore, we have 

D.-E.XF. where E. is the complex dielectric 
constant and is equivalent to (E^-i^. the real and 
imaginary components. 
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Tht ratio E. /E^tanfi i» 
is related to the well k 
vi»coelastic material*. The 
capable of giving a d 
dissipation or loss facto 
subjecting to an alternat 
changes in the flow characte 
this method. The degrees of 
indicative of the viscous pr 
typical dielectric analysi 
where capacitance, dissipati 
are plotted as a function of 

c«ll»d the loss factor  and 
nown C've'relationships for 
dielectric spectrometer is 

irect  measurement  of  the 
r  for  epoxy  resin   when 
ing electric field.  Hence> 
ristics are discernible  by 
freedom of the dipoles are 

operties of a material.   A 
s  is  shown  in Figure 23, 
on factor, and  temperature 
time. 

The dissipation factor curve is related to the curing 
of the epoxy matrix. The lefthand peak of the curve 
corresponds to the softening and flow of the resin 
system. The righthand peak is associated with the 
setting of the matrix. The portion between the peaks 
shows low dissipation since the epoxy resin displays a 
less viscous behavior. This is the region where 
process changes such as the application of pressure for 
consolidation of the laminates are performed. 

Examples of the use of diclectrometry in the study 
of composites have been reported in the literature. 
Sanjana and Rosenblatt(60) demonstrate the feasibility 
of using dielectric analysis as a means of monitoring 
and controlling cure of epoxy composites in autoclave 
molding. The mechanical properties are correlated with 
the variables on the dissipation factor profiles. 

Another 
an  epoxy cur 
based on the 
conventoinal 
transistor, b 
replaced  by 
change in the 
cure  can  be 
the real and 
and  can  be 
signal output 

meth 
cs i 
char 

ut 
the 
sha 
re 

imag 
use 
is 

od related t 
s an electri 
ga-flow tran 
metal-ox ide- 
with  a  por 
•poxy resin 
pe of  the 
lated to cor 

parts 
moni 

shown in Fig 

inary 
d  for 

o dial 
c moni 
sistor 
semico 
tion 
under 
•lectr 
respon 
of the 
toring 
ure 24 

ectri 
tor in 
, wh i 
nduct 
of t 
study 
ical 
d ing 
dial 
cur 

c chang 
g techn 
ch rcse 
or-fiel 
he met 

The 
signal 

changes 
actric 
ing.  A 

•s when 
ique(61) 
mbles a 
d-effect 
al gate 
dramatic 

during 
in both 

constant 
typical 

The instrumentation in dielectric analysis is 
simple, and since the peaks in the curve which result 
from relaxation phenomena, associated with softening 
and gelation of epoxy resin are frequency 
dependent,these peaks do not define the point in time 
when softening or gelation occur. Therefore, it should 
be careful to interpret the dielectric analysis. 
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Figure   23.    Ditkclrir analysis of350°F ipoxy prepui 

J^J^JX 
4min SIWI 6iMn 7mn Smm 

9nan lOmn Itmn 12mr Ornn 

Figure   24 .       CFT drain current waveforms (I^J during cure of a 
commercial S-minute e/mxy at room temperature (3). 
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12.0  CONCLUSION 

Several methods are reviewed in thi» paper for 
characterizing the .poxy matrix in giaSS 

fiber-reinforced composite*. TBA and dielectric 
analysis yield the rheological changes during curing 
that are useful in composite processing. DSC gives the 
extent of cure on the assumption that the extent of 
cure is proportional to the heat of reaction but this 
assumption is invalid for complicated crosslinking 
reaction. IR spectroscopy is very useful in studying 
the mechanism of cure and extent of cure FTIR is an 
ideal tool for investigating the degradation behavior 
of composites. and control the quality of epoxu 
matrices in fiber-reinforced composites. A combination 
of these techniques will become a powerful method in 
the study of composites. 
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absorbance subtraction, 30 
accelerators, 3 
activation energy, 11, 17 
acyclic bisphenol, 5 
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anhydride(s), 2,3,35,58 
apodization, 26 
aramid fiber, 19 
Beer-Lambert Law, 28,29,49 
B-stage, 4 
bisphenol A, 3,5,13,53,55,61 
bisphenol S, 5 
calorimetric, 8 
calorimetry, 1,8 
carbon black, 13 
carbon fiber, 19 
chemical analysis, 53 
crosslinking, 5,8,10,20,35,45,46,49,53,61,64 
curing, 1,2,3,4,8,10,11,12,13,15,20,22,27,35,45,61,62,64 
curve-fitting, 31,46,49 
cycloaliphatic epoxide(s), 6 
deconvolute, 29 
diamine, 4,13 
degradation, 3,15,27,32,35,53,55,58,64 
dielectric analysis, 1,61,62,64 
dielectrometry, 62 
diepoxides, 5 
diepoxy bisphenols, 5 
diepoxy cycloaliphatics, 5 
difference spectra, 31,45,53,55 
diffuse reflectance, 32,33,34 
diluents, 2 
dissipation factor, 62 
durability, 1 
dynamical mechanical, 1,17,20,22 
dynamic mechanical test, 1,17,20 
DSC, 8,10,11,12.13,15,53,64 
DTA, 8,15 
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epoxy novolak, 2 
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factor analysis, 28,29 
Fourier transform spectroscopy, 23 
FT-IR, 22,24,27,28,31,32,33,34,45 
gas chromatography, 53 
glycidyl amine(s), 5 
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Index continued. 

glycidyl esters, 5 
heat-deflection-temperature 5,6 
heat resistance, 5 
impact strength, 2,6 
infrared spectroscopy, 22,23,35,53 
interferometer, 23,25 
internal reflectance, 46,53 
internal-reflection,  33 
least-square(s), 30,31,49,53 
loss factor, 62 
mass spectroscopy, 53 
multiple internal reflection (MIR), 33 
nadic methyl anhydride, 35 
near-IR, 28,35,45 
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novolac epoxy, 53,55 
photo-oxidation, 53,55 
polyimides, 5 
polyolefin, 2 
prepregs, 4,13 
quality control, 28,46 
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Raman spectroscopy, 58 
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shelf-life, 4,13 
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transmission spectroscopy, 32 
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weathering, 28,53,55 
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The  phy-lcal.   chealcal,   and   ultimate mechanical   propert U-a  of   high pertormance  glass   fiber-ralnforced 
composliea are  dependent  on   the degree of   cure and   structufe  of   epoxy matrlcca.     Therefore,   a 
knowledge  ol   the  curing  pioceba   and   composition   of   ei.oxy  ■airlcea   Is  essential    for   relating   the 
properties  of   compoaltes   to   the  extent   ol   the   reaction  and  upilalzlng  (he   performance.     Several 
■eihoda  have been  developed   to characterlie and  control   the  .uring of   epoxy matrices.     Theaa aethoda 
Include  apectroacopy.   diflerantial   scanning calorlaeiry,   dielectric  analyala,   and  dynaaical   mechanKsl 
teats.     Theae methods  can foe used   to characterize   the curing proceae during  or  after   the   fabrication 
of   the  cured   epoxy  matrlcea   to   Justify   reproduclbl 11 ty.   leliabHIty,  and  durability.      In  general,   a 
combinailon  ol   these  aethoda   are   poweilu)   technlquea   lo  analyze   and   control   the   quality   of   epoxy 
matrlcea   In   fIbar-relnforced  coapoaltea.     The   aensltlvlty.   advantagea,   and   aalectlvlty  of   theaa   tech- 
nlquea will   ba  ravlawad  and  dlacuaaad   In   this   report. 
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The   physical,   chemical,   and   ultimate  mechanical   properties ol   high  performance  glass   (Iber-r.inforced 
cumposltes   are  dependent   on   the  degree  of   cure  and   structure  ol   epoxy   matrices.      Therefore,   • 
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of the cured apoxy matrlcea to justify reproduclblllty. M 
combination ul thaae methods are poweiful teihnlques to atu 
matrlcea In fiber—relnlorced composites. The scnsltlvii- 
nlquas will   b«  raviawsd and  dlacusssd   In   this   report. 
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i-^h   performance   glass   fIber-rtinforced 
«poxy matrices.     Therefore,   • 

■■am   la essential   for   relating   the 
a.zing  the   performance.     Several 
-'>«  uf   epoxy  matrices.      These  methods 

■'Ic   analysis,   snd dynamical   mechanical 
.tesa during or  after   the   fabrication 
-Li-y,   and durability.      In general,   a 

md   control   the  quality  of   epoxy 
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